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INTRODUCTION 

While  cancer  is  defined  as  an  uncontrollable  malignancy  that  highly  dependent  upon  tumor 
angiogenesis  (1),  substances  with  anti -tumor/angiogenesis  properties  become  very  attractive  to  cancer 
patients  (2-3). 


Cartilage  is  an  avascular  tissue  highly  resistant  to  invasion  by  blood  vessels  when  compared  to  other 
tissues  (4).  The  fact  that  few  tumors  occur  in  cartilage  may  be  related  to  this  unique  property. 

For  almost  two  decades,  cartilage  has  been  widely  used  by  millions  of  cancer  patients  as  an 
alternative  medicine  (5-13). 


Although  its  anti -tumor  effect  is  uncertain  (12-14),  and  its  mechanisms  of  action  are  largely  unknown 
and  its  effective  components  have  not  as  yet  been  well-defined  (15),  cartilage  products  still  are  the  very 
popular  alternative  anti-cancer  agents  that  widely  accepted  in  USA,  Canada,  Europe  and  Eastern  countries 
(such  as  China  and  Japan).  This  is  largely  due  to  the  fact  that  in  some  patients,  cartilage  products  do  achieve 
anti-tumor/angiogenesis  effects  and  extend  patients’  survival  time. 


However,  it  is  unclear  that  which  component  in  cartilage  is  responsible  for  its  anti¬ 
tumor/angiogenesis  effect.  Since  cartilage  contains  a  large  amount  of  hyaluronan  (HA)  and  HA  binding 
proteins  (HABP),  we  speculate  that  HABP  is  responsible  for  the  anti-tumor/angiogenesis  effect  of  cartilage. 
This  speculation  is  also  based  on  the  following  observations:  first,  several  proteins  that  bind  to  HA  can  also 
inhibit  tumor  growth  or  metastasis,  such  as  soluble  CD44  (16),  RHAMM  (17)  and  proteins  from 
chondrocytes  (18,  19);  secondly,  some  angiogenic  inhibitors,  such  as  endostatin  and  angiostatin  (20,  21), 
contain  structural  motifs  that  may  allow  them  to  bind  to  anionic  proteoglycan  (such  as  heparan  sulphate  and 
HA)  and  to  interrupt  the  growth  factor  signaling  (22). 

In  this  project,  we  want  to  test  our  hypothesis  that  the  hyaluronan  (HA)  binding  proteins  (HABP) 
from  cartilage  is  a  new  category  of  anti-tumor  agents.  We  have  proposed  to  focus  on  three  aims:  1)  To 
examine  the  effect  of  HABP  on  the  tumor  growth  of  prostate  cancer  cell  lines;  2)  To  examine  the  effect  of 
link  protein  (LP)  and  aggrecan  on  the  tumor  growth  of  prostate  cancer;  3)  To  examine  the  possible  anti¬ 
angiogenesis  effect  of  HABPs. 

In  first  year,  we  demonstrated  that  the  HABP  purified  from  cartilage  with  affinity  column  have  the 
following  properties:  1)  HABP  can  inhibit  the  anchorage-dependent  and  independent  growth  of  tumor  cells; 
2)  HABP  can  inhibit  proliferation  and  migration  of  endothelial  cells  in  vitro  and  angiogenesis  in  vivo;  3) 
HABP  can  reduce  the  growth  of  TSU  prostate  cancer  and  other  tumor  in  vivo ;  4)  HABP  can  inhibit  the 
experimental  lung  metastasis;  5)  The  anti-tumor  effect  of  HABP  is  in  part  due  to  its  anti-angiogenesis 
property.  These  results  has  been  published  in  Cancer  Research  {  2001;  61:1022-1028). 

In  second  year,  we  have  successfully  cloned  993  bp  of  cDNA  cording  for  N-terminus  of  human 
aggrecan,  which  consists  of  at  least  six  HA  binding  motifs.  We  inserted  the  cDNA  into  yeast  expression 
vector  and  purified  the  recombinant  human  aggrecan  for  the  media  of  transformed  yeast.  We  characterized 
that  this  recombinant  aggrecan  was  highly  glycosylated.  Importantly,  we  demonstrated  that  the  recombinant 
aggrecan  could  inhibit  the  proliferation  of  endothelial  cells  in  vitro  and  demonstrated  that  the  recombinant 
aggrecan  could  inhibit  the  tumor  growth  in  vivo. 

In  the  past  year,  we  cloned  1,065  bp  cDNA  of  human  link  protein,  another  component  of  HA 
binding  protein  from  cartilage,  and  studied  its  anti-tumor  effect.  The  results  are  summarized  as  following. 
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BODY 

In  our  previous  study  (23),  we  have  demonstrated  that  the  HA  binding  proteins  (HABPs)  of  cartilage 
possess  anti-tumor/angiogenesis  property. 

There  are  at  least  two  major  HA  binding  proteins  in  cartilage  as:  aggrecan  and  the  link  protein.  To 
dissect  out  which  component  is  mainly  responsible  for  the  anti-tumor  activity,  we  decide  to  use  genetic 
engineering  techniques  to  express  each  of  these  two  components  in  the  human  form.  If  these  human  proteins 
turn  out  to  be  anti-tumor/angiogenesis,  then,  they  may  have  the  potential  to  be  utilized  for  cancer  therapy, 
since  the  proteins  from  human  origin  have  little  antigenicity  and  may  not  cause  side-effect. 

In  last  report,  we  demonstrated  that  the  aggrecan  of  cartilage  did  exert  anti-tumor/angiogenesis  effect. 

In  the  past  year,  we  also  used  the  genetic  engineering  approach  to  determine  the  anti-tumor  activity  of 
link  protein  (LP),  another  component  of  HABPs  in  cartilage. 

1.  Cloning,  Construction  and  expression  of  human  cartilage  link  protein  (LP): 

To  obtain  human  cartilage  LP,  we  had  to  use  molecular  biology  approach,  since  it  is  impossible  to 
directly  obtain  this  human  protein.  According  to  the  published  cDNA  sequence  (GenBank  access  number 
XI 7405),  the  cartilage  link  protein  has  354  amino  acids  (aa)  with  first  15  aa  as  a  signal  peptide  for  secretion. 
It  has  a  theoretical  pi  of  7. 1 0  and  molecular  weight  of  40, 1 66  Dalton. 

MKSLLLLVLISICWADHLSDNYTLDHDRAIHIQAENGPHLLVEAEQAKVFSHRGGNVTLPCKFYRDP 
TAFGSGIHKIRIKWTKLTSDYLKEVDVFVSMGYHKKTYGGYQGRYFLKGGSDSDASLVITDLTLED 
YGRYKCEVIEGLEDDTVVVALDLQGVVFPYFPRLGRYNLNFHEAQQACLDQDAVIASFDQLYDAW 
RGGLD  W  CNAGWLSDGS  V  Q  YPITKPREPCGGQNTVPGVRNY  GFWDKDKSRYDVFCFTSNFNGRFY 
YLIHPTKLTYDEAV  QACLNDGAQIAKV  GQIFAA  WKILGYDRCDAG  WLADGS  VRYPISRPRRRCSPT 
E  AA  VRF  V  GFPDKKHKL  Y  G  V  YCFRA  YN 

Based  on  this  sequence,  to  clone  the  cDNA  cording  for  LP  we  designed  a  pair  of  primers  that  framed 
from  ATG  start  cordon  to  TGA  stop  cordon  with  EcoR  I  site  at  5’-end  and  Xho  I  site  on  3’-end,  respectively. 
The  RT-PCR  was  performed  using  a  cDNA  library  of  a  human  sarcoma  cell  line  derived  from  chondrocytes 
as  a  template.  A  RT-PCR  product  with  a  length  of  1,065  bp  was  obtained  (Fig.  1A). 

The  cDNA  cording  for  link  protein  was  cut  with  EcoR  I  and  Xho  I,  and  then  inserted  into  pcDNA3 
mammalian  expression  vector  (Invitrogen,  Inc,  Fig.  IB).  When  DNA  sequence  was  performed,  the  result 
indicated  that  there  was  no  error  in  RT-PCR  and  reading  frame.  i — - , 


i  i  J*  1 :  C°n,ng  and  Conduction  of  human  cartilage  link  protein.  A:  RT-PCR  product  of  human  cartilage  link  protein 
Lane  1 :  Marker;  Lane  2:  A  correct  RT-PCR  product  with  a  length  of  1,065  bp;  B:  pcDNA3-link  protein  expression  vector. 
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With  the  assurance  of  correct  DNA  sequencing,  the  link  protein  expression  vector  was  transfected 
into  TSU  tumor  cells  (recently  TSU  has  been  regarded  as  a  bladder  cancer  cell  line  instead  of  prostate  cancer 
cells)  and  MDA23 1  tumor  cells  to  determine  whether  the  anti-tumor  effect,  if  any,  is  not  tumor  cells  specific 
and  possesses  a  common  anti-tumor  effect  applicable  to  multiple  types  of  tumors. 

The  stable  gene  transfection  was  conducted  with  calcium  precipitation  method.  The  pcDNA3  vector 
alone  was  also  transfected  as  mock  control.  The  cells  survived  in  800  pg/ml  of  G418  were  picked  up, 
expanded  and  then  pooled  for  further  study  to  avoid  the  clonal  variation. 

To  detect  the  expression  of  link  protein  in  transfected  cells,  dot  blot  was  performed  using  anti-link 
protein  monoclonal  antibody.  Equal  amount  supernatant  (1  ml)  from  the  same  density  of  pcDNA3  vector 
alone  control  transfactants  or  pcDNA3-LP  transfectants  was  analyzed.  The  results  (Fig.  2)  indicated  that  the 
level  of  link  protein  (LP)  in  the  supernatant  of  transfected  tumor  cells  was  much  higher  than  that  in  mock 
controls,  indicating  that  the  transfected  cells  indeed  expressed  a  high  level  of  human  cartilage  link  as 
compared  to  parental  tumor  cells. 


Fig.  2.  The  expression  of  link  protein  in 
transfected  cells:  One  ml  of  supernatant  of 
transfected  tumor  cells  was  mixed  with  70  pi  of 
HA-Sepharose  4  B  and  shaken  overnight.  Next 
day,  the  beads  were  washed  with  0.05%  PBS- 
Tween  20  for  times  to  discarded  the 
miscellaneous  proteins  and  the  bounded  link 
protein  were  eluted  with  40  pi  of  loading  buffer 
and  boiling  for  5  min.  The  samples  were  loaded 
on  nitrocellulose  membrane  and  stained  with 
anti-human  cartilage  link  protein.  The  mock 
transfectants  did  not  express  link  protein  (A), 
while  there  is  abundant  link  protein  in  the 
pcDNA3-LP  transfectants  (B). 


2.  Effect  of  link  protein  on  endothelial  cells 

It  has  been  proved  that  avascular  cartilage  contains  anti-angiogenesis  agents,  which  is  responsible  for 
its  anti-tumor  activity  (23).  To  see  if  this  is  possessed  by  link  protein,  the  conditional  media  obtained  from 
pcDNA3-LP  transfectants  was  added  to  equal  amount  of  bovine  capillary  endothelial  cells  (BCE)  and  the 
effect  on  their  growth  was  determined  by  counting  of  cell  numbers  at  different  groups. 

The  result  (Fig.  3)  indicated  that  the  LP  had  an  inhibitory  effect  on  the  proliferation  of  endothelial 
cells.  The  difference  between  the  test  and  the  control  was  statistically  significant  (p<0.05). 
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Fig.  3.  Effect  of  link  protein  on 
endothelial  cells.  The  conditional 
medial  from  transfectants  was  added  to 
media  of  bovine  capillary 
endothelial  cells  (BCE)  cultured  in 
24  well  plate  for  two  days.  The  BCE 
cells  were  harvested  with  10  mM 
EDTA-PBS  and  counted  with  Coulter 
counter.  There  was  a  difference 
between  the  LP  group  and  control 
groups  (p<0.05). 


3.  In  vivo  anti-tumor  effect  of  human  cartilage  link  protein 

We  then  examined  if  human  cartilage  link  protein  has  any  effect  on  tumor  growth.  Two  million  of 
pcDNA3-LP  transfectants  or  pcDNA3  vector  alone  transfectants  were  subcutaneously  injected  into  5  week 
old  nude  mice  (5  mice  /group).  The  tumor  sizes  were  measured  twice  per  week  and  the  tumor  volume  was 
calculated.  Four-weeks  later,  the  tumor  bearing  mice  were  pictured,  and  the  tumors  were  harvested  and 
weighted.  The  results  showed  that  the  tumors  formed  by  pcDNA3-LP  transfectants  were  much  smaller  than 
those  formed  by  pcDNA3  vector  alone  transfectants  (Fig.  4A)  and  the  difference  in  the  tumor  weight  (Fig. 
4B)  and  tumor  volume  (Fig.  4C)  between  two  groups  was  statistically  significant  (P<0.05).  There  was  no 
difference  in  the  body  weight  between  two  groups,  indicating  that  there  was  not  side  effect  with  this  anti¬ 
tumor  approach. 


7 


t  * 

Zhang,  Lurong,  M.D.,  Ph.D. 
DAMD 17-00- 1-0081 


Tumor  growth  of  mock  transfectants 


Fig  4.  In  vivo  anti-tumor  effect  of  link  protein. .  Two  million  of  pcDNA3-LP  transfectants  or  pcDNA3 
vector  alone  transfectants  were  subcutaneously  injected  into  5  week  old  nude  mice  (5  mice  /group).  The 
tumor  sizes  were  measured  twice  per  week  and  the  tumor  volume  was  calculated.  Four-weeks  later,  the 
tumor  bearing  mice  were  pictured,  and  the  tumors  were  harvested  and  weighted.  A:  Tumor  weights;  B:  Tumor 
growth  curve;  and  C:  Pictures  of  tumor  size.  Compared  to  the  control,  the  link  protein  strongly  inhibited  the  tumor 
growth  in  vivo  (P<0.05). 

4.  Attempt  to  obtain  recombinant  human  cartilage  link  protein 

When  the  in  vivo  results  demonstrated  that  the  human  cartilage  link  protein  possessed  anti-tumor 
effect,  we  started  to  make  effort  on  obtaining  recombinant  human  cartilage  link  protein  using  yeast 
expression  and  affinity  purification  approaches,  based  on  the  rationale  that  the  recombinant  human  cartilage 
link  protein  may  be  practical  for  clinical  use.  We  have  successfully  constructed  the  pPICZ-LP  yeast 
expression  vector  that  contained  with  a-factor  signal  peptide  for  secretion  of  LP  from  yeast  cells  and  His6 
tag  for  purification.  However,  we  failed  in  obtaining  the  sufficient  amount  of  recombinant  human  link 
protein  to  do  any  experiments  in  vitro  or  in  vivo.  We  tried  very  hard  to  figure  out  the  problems  by  two 
postdoctoral  follows.  The  conclusion  was  that  for  some  unknown  reasons,  the  link  protein  was  expressed  at 
a  low  level  in  two  different  yeast  systems  and  hard  to  obtain  sufficient  amount  by  Ni-affmity  column.  We 
need  to  reconsider  our  strategy  and  find  a  new  system  to  do  this. 

In  summary,  in  past  year,  we  have  successfully  finished  the  following  works:  1)  cloned  1,065  bp  of 
cDNA  cording  for  full  length  of  human  cartilage  link  protein;  2)  inserted  this  cDNA  into  pcDNA3 
expression  vector;  3)  stablely  transfected  into  tumor  cell  lines;  4)  examined  the  inhibitory  effect  of  link 
protein  on  growth  of  endothelial  cells;  5)  demonstrated  that  the  link  protein  could  inhibit  the  tumor  growth 
in  vivo. 
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The  significance  of  these  studies  are  1)  it  determines  that  the  link  protein  is  an  anti-tumor  element  in 
cartilage;  2)  the  cDNA  cloned  in  this  study  may  be  used  for  gene  therapy. 

Since  the  underlying  mechanisms  by  which  the  components  of  avascular  cartilage  exert  their  anti¬ 
tumor  effect  are  largely  unknown,  we  will  focus  on  the  mechanism  study  using  the  material  or  cell  lines 
obtained,  if  possible,  we  will  further  dissect  out  the  functional  motifs  of  these  anti-tumor  proteins  from  HA 
binding  proteins. 

We  believe  the  study  will  help  in  solving  the  puzzles:  what  is  the  molecular  basis  of  widely  used 
cartilage  in  the  battle  of  anti-cancer  and  how  we  can  better  utilize  the  research  result  to  make  the  anti-tumor 
elements  of  cartilage  become  more  powerful  in  treatment  of  prostate  cancer. 


Key  Research  Accomplishments 

Taken  together,  in  past  year,  we  have  successfully  finished  the  following  works:  1)  cloned  1,065  bp 
of  cDNA  cording  for  full  length  of  human  cartilage  link  protein;  2)  inserted  this  cDNA  into  pcDNA3 
expression  vector;  3)  stablely  transfected  into  tumor  cell  lines;  4)  examined  the  inhibitory  effect  of  link 
protein  on  growth  of  endothelial  cells;  5)  demonstrated  that  the  link  protein  could  inhibit  the  tumor  growth 
in  vivo. 


The  significance  of  these  studies  are  1)  it  determines  that  the  link  protein  is  an  anti-tumor  element  in 
cartilage;  2)  the  cDNA  cloned  in  this  study  may  be  used  for  gene  therapy. 


Conclusions 

•  The  link  protein  from  human  cartilage  can  be  expressed  in  tumor  cells. 

•  The  link  protein  in  conditional  media  can  inhibit  the  growth  of  endothelial  cells  in  vitro. 

•  The  link  protein  can  inhibit  the  tumor  cell  growth  in  nude  mice  model  system. 

•  The  cDNA  cloned  in  this  study  may  be  used  for  gene  therapy. 
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#149  Decoy  TR6  protects  tumor  cells  from  apoptosis.  Luping  Wang,  Sung- 
hee  Kim,  Jinguo  Chen,  Xue-Ming  Xu,  Shanmin  Yang,  Charles  B.  Underhill,  and 
Lurong  Zhang.  Beijing  General  Hospital,.  Beijing,  China,  HumanGendme  Sciences, 
Inc.,  Rockville,  MD,  Lombardi  Cancer  Center,  Washington,  DC,  Xiamen  University, 
Xiamen,  China,  and  Fujian  Medical-University;  Fuzhou,  China. 

Recently,  TR6,  a  decoy  receptor  of  the  TNFR  super-family,  has  been  shown  to 
bind  to  three  ligands:  FasL,  LIGHT  and  TL1.  Since  TR6  lacks  a  transmembrane 
domain,  it  can  bind  to  these  ligands  and  competitively  block  their  interaction  with 
Fas  and  HVEM  and  as  a  consequence  inhibit  apoptosis.  In  a  series  of  experiments, 
we  examined  ihe  role  ofTR6  in  tumor  progression,  and  obtained  the  following 
results:  1)  in  transwell  chambers,  the  TR6  expressed  by  SW480  cejlsin  the  top  well 
could  inhibit  apoptosis  in  MDA-435  tumor  cells  growing  in  the  bottomed!;  2) 
recombinant  TR6  could  block  apoptosis  induced  by  exogenous  FasL  and  this  effect 
could  be  reversed  by  the  addition  of  neutralizing  antibodies  to  TR6;  and  3)  cell 
death  induced  by  endogenous  FasL  could  be  blocked  by  the  addition  of  TR6.  We 
then  examined  the  expression  of  TR6  in  a  panel  of  human  tissues  by  immunohis- 
tochemical  staining  with  a  monoclonal  antibody  and  found  that  while  normal  tissue 
demonstrated  little  or  no  staining,  a  significant  fraction  of  breast  cancer  tissue  was 
positive.  This  fraction  depended  in  part  on  the  stage  of  the  tumor.  In  the  case  of 
tumors  that  had  not  metastasized  to  the  lymph  nodes,  the  staining  rate  was  44%  (4 
out  of  9)  and  for  tumors  that  had  metastasized  the  rate  was  70%  (14  out  of  20).  For 
lymph  node  metastases  themselves,  the  rate  was  80%  (16  out  of  20).  Furthermore, 
ELISA  assays  showed  that  the  level  of  TR6  in  the  serum  of  cancer  patients  was  higher 
than  that  from  normal  individuals  (2.3  +  0.2  ng/ml  vs.  0.46  +  0.07  rig/ml).  These 
results  suggest  that  TR6  plays  a  critical  role  in  preventing  tumor  cells  from  undergoing 
apoptosis  and  thereby  promotes  their  progression.  Thus,  it  may  be  possible  to  reduce 
tumor  malignancy  by  inhibiting  the  function  of  TR6. 
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#5589  A  hyaluronan  binding  peptide  can  trigger  apoptosis  by  antagonizing 
members  of  the  bcl-2  famUy.  Xueming  Xu,  Ningfei  Liu,  Jinguo  Chen,  Luping 
Wang,  Shanmin  Yang,  Charles  B.  Underhill,  and  Lurong  Zhang.  Georgetown  Uni¬ 
versity  Medical  Center,  Washington,  DC,  Shanghai  9th  Hospital,  Shanghai,  China, 
Lombardi  Cancer  Center,  Washington,  DC,  Beijing  General  Hospital,  Beijing,  China, 

and  Xiamen  University,  Xiamen,  China.  ..  , 

In  previous  studies,  we  have  demonstrated  that  the  growth  of  tumor  cells  can  be 
suppressed  by  a  peptide  termed  P4  that  can  bind  to  hyaluronan.  This  effect  ap¬ 
peared  to  be  due  to  the  induction  of  apoptosis,  since  treatment  of  cultured  ceUs  with 
P4  resulted  in  the  fragmentation  of  the  DNA,  characteristic  apoptotic  cells.  Con- 
focal  microscopy  of  cells  treated  with  FITC  tagged  P4,  revealed  that  it  quickly 
became  associated  with  mitochondria.  This  was  further  supported  by  the  fact  that 
treatment  of  cells  with  P4  induced  a  spectral  change  in  the  dye  JC-1  indicating  the 
loss  of  membrane  potential  in  the  mitochondria.  Western  blotting  of  cultured 
MDA-435  tumor  cells  following  treatment  with  P4  revealed  increased  levels  o 
activated  caspase  9,  caspase  3  and  PARP,  suggesting  that  P4  upregulated  a  Fas- 
independent  pathway  leading  to  apoptosis.  Using  immunoprec.pitation,  we  found 
that  the  P4  peptide  could  bind  to  Bcl-2  and  Bcl-xL  which  are  predominately  located 
in  the  membranes  of  mitochondria.  And  finally,  in  an  in  vitro  assay  with  cytoplas¬ 
mic  extracts  of  tumor  cells,  we  found  that  P4  caused  the  release  of  cytochrome  c 
from  the  mitochondria.  Taken  together,  these  results  suggest  that  P4  targets  mito¬ 
chondria  by  binding  to  Bcl-2  family  members  and  this  induces  the  release  of 
cytochrome  c  leading  to  apoptosis. 
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#6461  Liposomal  Triptolide  inhibits  tumor  growth  at  a  low  dose.  Shanmin 
Yang,  Jinguo  Chen,  Xue-Ming  Xu,  Luping  Warig,  Charles  B.  Underhill,  and  Lu- 
rong  Zhang.  Xiamen  University,  Xiamen,  China,  Lombardi  Cancer  Center,  Washing¬ 
ton,  DC,  Beijing  General  Hospital,  Beijing,  China,  and  Fujian  Medical  University, 

Fuzhou,  China.  e  -;  r  <  *-  •  o  >‘.  : 

Triptolide  (TPL)  is  a  compound  purified  from  the  herb  Tripterygium  wilfordii 
Hook  F,  and  is  highly  effective  against  tumor  growth,  but  has -a  low  therapeutic 
window  (i.e.  concentrations- having  therapeutic  effects  are  close  to  those  having 
toxic  effects).  In  an  effort  to  improve  it  therapeutic  window,  we  examined  a  formu¬ 
lation  in  which  the  TPL  was  incorporated  into  polyethylene  glycol  coated  lipo¬ 
somes  (PEG-Lipo-TPL).  When  tested  on  MDA-435  tumor  cells  growing  in:  tissue 
culture, ;  the  effects  of  PEG-Lipo-TPL  and  TPL  alone  depended  upon  the  time 
-course.  During  the  first  six  hours  of  exposure,  PEG-Lipo-TPL  induced  only  a  10% 
inhibition  of  thymidine  incorporation  while  TPL  alone  induced  a  50%  inhibition 
rate.  This  difference  may  be  due  to  the  fact  that  free  TPL  could  readily  enter  the 
tumor  cells  while  PEG-Lipo-TPL  needed  more  time  to  gain  access  to  the  cells. 
However,  at  12  and  48  hours,  both  forms  had  a  similar  effect  on  the  thymidine 
incorporation.  We  then  tested  both  PEG-Lipo-TPL  and  TPL  alone  for  their  ther¬ 
apeutic  windows  in  C57BL/6  mice.  In  both  formulations,  the  TD50  (50%  of  toxic 
dose)  was  determined  to  be  1.3  mg/kg.  However,  the  effective  dose  against  the 
growth  of  B1 6  tumor  xenografts  was  lower  for  the  PEG-Lipo-TPL  formulation 
than  for  TPL  alone  (0.25  mg/kg  vs.  0.40  mg/kg).  These  results  suggested  that  the 
liposomal  formulation  of  TPL  may  indeed  increase  its  therapeutic  window,  how¬ 
ever  more  experiments  are  need  to  confirm  this  conclusion. 
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#1654  Inhibition  of  tumor  growth  and  metastasis  by  hyaluronan  conju¬ 
gated  taxol.  Jinguo  Chen,  Glenn  D.  Prestwich,  Yi  Luo,  Xueming  Xu,  Shanmin 
Yang,  Luping  Wang,  Charles  B.  Underhill,  and  Lurong  Zhang.  Lombardi  Cancer 
Center,  Georgetown  University,  Washington,  DC  and  The  University  of  Utah?  Salt 
Lake-City,  UT.  -  h  rf'.oKco  ;  . 

Previously,  we  have  demonstrated  that  hyaluronan  (HA)  conjugated  taxol  (HA- 
taxol)  shows  selective  toxicity -to  several  human  cancer  cells  growing  in  tissue  cul¬ 
ture.  In  this  study,  we  examined  the  anti-tumor  effects  of  HA-taxol  on  tumor 
xenografts  growing  in  mice.  As  targets,  we  used  human  TSU  bladder  cancer  cells 
and  mouse  4T1  breast  cancer  cells,  both  of  which  express  the  HA  receptor  CD44 
and  were  able  to  bind,  internalize  and  degrade  the  HA.  The  growth  of  these  cells  as 
xenografts  in  mice  was  inhibited  to  a  greater  extent  by  the  i.v.  injection  of  HA-tpcol 
than  by  taxol  alone.  To  examine  the  turn-over  of  HA,  we  i.v.  . injected  3H-HA  into 
mice  and  then  examined  its  distribution.  We  found  that  in  addition  to  the  tumors, 
much  of  the  3H-HA  was  taken  up  by  the  liver  and  kidneys.  However,  if  we  injected 
chondroitin  sulfate  (CS)  into  the  mice  2  hours  prior  to  the  administration  of 
3HrHA  then  this  reduced  the  uptake  of  3H-HA  by  the  liver  and  increase  the 
amount  of  3H-HA  that  accumulated  in  the  tumor  xenografts.  When  mice"with 
tumor  xenografts  were  treated  with  CS  and  then  HA-taxol,  their  survival  time  was 
longer  than  those  treated  with  vehicle  or  HA-taxol  alone.  Furthermore,  HA-taxol 
reduced  the  size  of  4T1  cell  metastases  in  popliteal  and  inguinal  lymph  nodes  (35% 
and  64%  respectively)  to  a  greater  extent  than  taxol  alone  (-1.7%  and  31.8% 
respectively).  Taken  together,  these  results  suggest  that  HA-taxol  is  more  effective  ^ 
in  treatment  of  metastasis  than  taxol  alone  and  that  the  sequential  use  of  CS  and 
HA-taxol  improves  the  targeting  of  tumors. 
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ABSTRACT 


The  extracellular  matrix  protein  1  (ECM1)  is  a  secreted  protein  that  has  been  implicated  with  cell 
proliferation,  angiogenesis  and  differentiation.  In  the  present  study,  we  used  immunohistochemical 
staining  to  examine  the  expression  of  ECM1  in  a  panel  of  human  tumors  and  found  that  it  was  closely 
correlated  with  some  types  of  tumors  including:  invasive  breast  ductal  carcinoma  (83%),  esophageal 
squamous  carcinoma  (73%),  gastric  cancer  (88%)  and  colorectal  cancer  (78%).  Significantly, 
ECM1  expression  was  correlated  with  the  metastatic  properties  of  the  tumors.  Primary  breast  cancers  that 
had  formed  metastases  were  76%  positive  while  those  that  had  not  metastasized  were  only  33%  positive. 
ECM1  expression  was  also  correlated  with  PCNA  a  marker  for  proliferation,  but  not  with  CD34,  a  marker 
for  endothelial  cells.  These  results  indicate  that  ECM1  tends  to  be  preferentially  expressed  by  metastatic 
epithelial  tumors. 

Key  words:  ECM1,  Proliferation,  Metastasis,  Endothelial  Cells 
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1.  Introduction 


The  extracellular  matrix  protein  1  (ECM1)  was  originally  identified  as  an  85  kDa  glycoprotein 
secreted  by  a  murine  osteogenic  stromal  cell  line  [1].  Subsequently,  two  forms  of  human  ECM1  were 
described:  ECMla  (68  kDa)  which  is  the  full  length  form  consisting  of  540  amino  acids;  and  ECMlb  (46 
kDa)  which  is  an  alternatively  spliced  form  with  415  amino  acids  [3].  These  two  forms  of  ECM1  are 
coded  by  a  single  gene,  which  has  been  mapped  to  lq21  outside  of  the  epidermal  differentiation  complex 
region  [3, 4]. 

The  distribution  of  ECM1  changes  as  a  function  of  embryonic  development  In  mouse  embryos, 
ECMla  is  present  in  a  number  of  tissues  and  is  particularly  prominent  in  blood  vessels  [2,  3,  5,  6], 
Indeed,  its  expression  pattern  is  similar  to  that  of  flk-1,  a  recognized  marker  for  endothelial  cells  [6].  As 
development  progresses,  ECMlb  is  expressed  in  the  tail,  front  paws  and  skin  [3].  In  adult  humans, 
ECMla  is  predominantly  expressed  by  the  skin  [5],  tonsils,  heart  and  placenta  [3].  In  the  case  of  the  skin, 
ECMla  is  restricted  to  the  basal  cell  layer,  while  ECMlb  is  predominantly  found  in  the  suprabasal  layers 
[3, 5]. 

Recent  studies  have  implicated  ECM1  with  a  number  of  physiological  functions.  For  example, 
ECM1  appears  to  help  regulate  endochondral  bone  formation.  Merregaert  and  his  coworkers  found  that 
Ecml  is  expressed  in  the  connective  tissues  surrounding  the  developing  bones  (perichondrium),  but  not  in 
cartilage  itself.  At  low  concentrations,  recombinant  ECM1  stimulated  alkaline  phosphatase  activity, 
whereas  at  higher  concentrations,  it  inhibited  alkaline  phosphatase  activity  and  mineralization  [7].  In 
addition,  ECM1  may  be  involved  in  the  differentiation  of  keratinocytes  as  suggested  by  the  fact  that  it  is 
expressed  in  the  skin  and  its  gene  is  located  is  located  close  to  the  epidermal  differentiation  complex  at 
lq21  [3,  5].  Recently,  Hamada  and  co-workers  identified  a  homozygous  loss-of-function  mutation  in  the 
ECM1  gene  in  a  family  suffering  from  lipoid  proteinosis,  a  rare,  autosomal  recessive  disorder  also  called 
Urbach- Wiete  disease  [8-14].  The  loss  of  functional  ECM1  appears  to  be  responsible  for  the  classical 
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symptoms  of  which  include  thickening  of  the  skin,  mucosa  and  certain  viscera  the  widespread  deposition 
of  hyaline  (glycoprotein)  and  disruption  of  the  basement  membrane  [8-14].  The  secretion  of  ECM1 
appears  to  be  required  for  the  maintenance  of  the  extracellular  matrix  in  the  skin  and  mucosa. 

In  a  recent  study,  we  had  found  that  ECM1  may  also  promote  both  cell  proliferation  and 
angiogenesis  [6].  When  a  highly  purified  preparation  of  ECM1  was  added  to  cultures  of  HUVEC,  ABAE, 
BREC  and  BCE  cells  in  serum-free  medium,  their  growth  was  significantly  stimulated  as  measured  by 
thymidine  incorporation.  Under  these  conditions,  the  stimulation  induced  by  ECM1  was  only  slightly  less 
than  that  of  FGF-2  and  VEGF.  However,  the  stimulatory  effects  of  ECM1  appeared  to  be  cell  line 
specific  in  that  MDA-435,  MDA-468  and  TSU  cells  showed  little  or  no  response.  In  another  set  of 
experiments,  we  found  that  ECM1  can  also  promote  angiogenesis.  A  highly  purified  preparation  of 
ECM1  was  applied  to  small  pieces  of  filter  paper  that  were  then  applied  to  the  chorioallantoic  membranes 
of  chicken  eggs  and  two  days  later  this  region  was  subjected  to  computerized  image  analysis.  The  results 
of  this  analysis  indicated  that  ECM1  had  a  marked  stimulatory  effect  on  degree  of  vascularization.  Given 
the  fact  that  ECM1  has  been  implicated  with  cell  proliferation  and  angiogenesis,  it  also  seemed  possible 
that  ECM1  may  also  contribute  to  tumor  progression.  Indeed,  in  this  same  study  we  had  found  that 
ECM1  could  be  detected  in  some  breast  cancer  tissues,  including  metastases  to  both  the  lymph  node  and 
bone  [6]. 

In  the  present  study  we  have  examined  the  expression  of  ECM1  in  a  panel  of  human  tumors  with 
affinity-purified  antibodies  against  ECM1.  Our  goal  here  was  two  fold:  first  to  determine  if  ECM1 
expression  could  be  used  as  a  marker  for  a  particular  pathological  condition;  and  secondly  to  test  whether 
it  was  correlated  with  markers  of  tumor  proliferation  and  angiogenesis.  The  results  of  this  study  indicated 
that  several  types  of  human  epithelial  malignant  tumors  expressed  significant  levels  of  ECM1  and  that  its 
expression  was  indeed  correlated  with  tumor  proliferation  but  not  with  angiogenesis. 
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2.  Materials  and  methods 


2.1.  Patients  and  tissues  samples 

Both  paraffin-embedded  (296  sections  from  263  cases)  and  fresh-frOzen  (10  cases)  samples  of 
human  tumors  were  obtained  from  the  tumor  bank  of  Lombardi  Cancer  Center  at  Georgetown  University, 
Pathology  Departments  of  Beijing  General  Hospital  and  Naval  General  Hospital  in  Beijing,  Changhai 
Hospital  in  Shanghai,  and  tissue  array  samples  from  Cybrdi  (Rockville,  MD).  For  the  paraffin-embedded 
samples,  5  pm  thick  sections  were  stained  with  hematoxylin  and  eosin  and  then  evaluated  according  to  the 
W.H.O  histopathological  classification  criteria.  For  the  frozen  tissues,  OCT  embedded  blocks  were  cut 
into  7  pm  thick  sections  and  stained  with  hematoxylin  and  eosin  for  the  pathological  diagnosis,  while  the 
remainder  of  the  tissue  was  homogenized  in  lysis  buffer  for  Western  blotting  (see  below).  Frozen 
sections  were  also  used  for  double  label  staining  of  both  ECM1  and  CD34  to  preserve  antigenicity. 
Among  the  tissues  examined,  there  were  a  number  of  paired  samples  of  both  primary  and  metastatic 
tumors  from  the  same  patient,  including  13  pairs  from  patients  with  breast  cancer  and  20  pairs  from 
patients  with  lung  cancer.  Nine  cases  of  breast  cancer  and  10  cases  of  lung  cancer  without  metastasis 
were  used  for  comparison. 

2.2.  Preparation  ofECMl  Antibodies 

Antiserum  against  human  ECM1  was  raised  by  injecting  0.2  mg  of  highly  purified  recombinant 
ECMla  or  ECMlb  in  Freund’s  complete  adjuvant  (Difco,  Sparks,  MD)  subcutaneously  into  rabbits.  A 
second  injection  was  given  three  weeks  later  and  subsequent  boosts  were  repeated  every  three  weeks. 
The  rabbit  anti-ECMl  serum  was  collected  every  third  week  and  the  titer  was  determined  by  an  ELISA. 
The  antiserum  generated  by  immunization  with  ECMla  cross-reacted  with  ECMlb  and  vice  versa,  since 
the  sequence  of  ECMlb  is  identical  to  that  of  ECMla  with  the  exception  of  125  amino  acids  missing  from 
the  central  portion.  The  antibodies  were  further  purified  by  affinity  chromatography  on  ECM1  coupled  to 
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Sepharose  4B.  As  described  previously,  the  specificity  of  the  ECM1  antibody  was  demonstrated  by  the 
fact  that  on  Western  blots  of  tissue  extracts,  it  stained  ECMla  and  ECMlb  as  a  single  bands  with  little  or 
no  cross-reaction  to  any  other  protein  [6]. 

2.3.  lmmunohistochemic  staining 

Paraffin  sections  were  de-paraffined,  dehydrated  and  incubated  in  a  10%  hydrogen  peroxide  solution 
for  10  min  to  eliminate  endogenous  peroxidase  activity.  After  thorough  washing,  the  sections  were 
incubated  with  affinity  purified  rabbit  anti-ECMl  antibody  (1:400)  followed  by  anti-rabbit  ABC  staining 
procedure  (Biostain  Super  ABC  Kits,  Biomeda)  and  the  peroxidase  substrate  3-amino-9-ethyl-carbazole 
(AEC)  and  H2O2,  which  gives  a  red  reaction  product.  The  samples  were  then  counter-stained  with 
hematoxylin  (blue)  and  preserved  with  CrystalMount  (Biomeda,  Foster  City,  CA).  The  negative  controls 
were  processed  with  the  same  procedure  except  that  normal  rabbit  serum  was  used  in  place  of  the  primary 
antibody.  The  results  of  immunohistochemical  staining  were  expressed  in  two  ways:  1)  the  intensity  of 
staining:  +:  10-30%  of  tumor  cells  in  the  section  were  positive;  ++:  30-60%  of  tumor  cells  were  positive; 
+++:  60-100%  of  tumor  cells  were  positive;  and  2)  the  percentage  of  positive  staining  =  (the  numbers  of 
positive  samples  /  the  numbers  of  samples  tested)  x  100%. 

2.4.  Double  immunohistochemical  staining 

Twenty-five  samples  of  tumor  tissue  were  processed  for  double  immunohistochemical  staining 
with  antibodies  to  ECM1  followed  by  mouse  monoclonal  antibodies  to  human  PCNA  and  CD34.  Frozen 
sections  were  used  for  the  CD34  staining  because  the  antibody  does  not  recognize  paraffin  embedded 
specimens.  For  staining,  the  sections  were  first  incubated  with  a  mixture  of  rabbit  anti-human  ECM1 
(1:400)  and  mouse  anti-human  PCNA  (1:500)  or  mouse  anti-human  CD34  (1:500)  at  4°C  overnight. 
After  washing  with  phosphate  buffer  saline  (PBS),  the  slides  were  incubated  with  peroxidase  labeled  anti¬ 
rabbit  IgG  and  alkaline  phosphatase  labeled  anti-mouse  IgG  at  room  temperature  for  one  hour  followed 
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by  AEC  as  a  peroxidase  substrate  (red  color)  and  BCIP/NBT  as  an  alkaline  phosphatase  substrate  (blue 
color).  The  positive  staining  for  CD34  or  PCNA  in  10  random  fields  in  either  ECM1  positive  or  negative 
tumors  or  regions  were  highlighted  and  assessed  by  a  computer  image  analysis  system  [6],  To  evaluate 
the  extent  of  vascularization,  the  outer  circumferences  of  the  blood  vessels  (stained  CD34)  in  a  specified 
region  were  summed  and  the  results  were  expressed  as  the  vessel  length  index  as  follows:  vessel  length 
index  =  {(total  outer  vessel  length  stained  with  CD34  /  measured  area)  x  100  %}.  To  evaluate  cell 
proliferation,  the  index  was  calculated  as  follows:  PCNA  positive  frequency  =  {(number  of  PCNA 
positive  cells  /  400  cells  counted)  x  1 00  %} . 

2.5.  Western  Blotting 

Frozen  samples  of  human  breast  tumor  tissues  (5  invasive  duct  carcinomas,  1  ductal  hypeiplasia  and  1 
normal  breast  tissue)  were  analyzed  by  Western  blotting.  For  this,  the  samples  of  tumor  tissue  were 
rapidly  frozen  in  liquid  nitrogen,  ground  into  a  powder  and  then  extracted  with  1  ml  of  lysis  buffer  (1% 
Triton  X-100,  0.5%  Na  deoxycholate,  0.5  pg/ml  leupetin,  1  mM  EDTA,  1  pg/ml  pepstatin  and  0.5  mM 
phenylmethylsulfonyl  fluoride).  The  protein  concentration  of  the  lysate  was  determined  by  the  BCA 
method  (Pierce,  Rockford  IL)  and  30  pg  of  protein  was  loaded  onto  10  %  PAGE  gel,  electrophoresed  and 
transferred  to  a  nitrocellulose  membrane.  The  loading  and  transferring  of  equal  amounts  of  protein  were 
confirmed  by  staining  of  the  membrane  with  a  solution  of  Ponceau  S  (Sigma,  St.  Louis  MO).  The 
membranes  were  blocked  with  5%  fat-free  milk  in  phosphate  buffer  saline  (PBS,  pH  7.4)  for  30  min  and 
then  incubated  with  rabbit  anti-ECMl-b  (1:2,000)  overnight  at  4°C.  After  washing,  the  membrane  was 
incubated  with  alkaline  phosphatase  labeled  secondary  antibody  for  one  hour,  followed  by  a  chemo- 
luminicent  substrate  and  exposed  to  ECL  Hyperfilm  MP  (Amersham,  Piscataway,  NJ). 

2.6.  Statistical  Analysis 
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The  data  were  subjected  to  statistical  analysis  using  X2  test  or  Student’s  t  test.  P  values  <0.05  were 
considered  to  be  statistically  significant. 

3.  Results 


3.1.  Expression  of  ECM1  in  various  tumors  and  tissues 

We  analyzed  a  panel  of  human  tissues  for  ECM1  by  immunohistochemical  staining.  These 
samples  represented  a  spectrum  of  conditions  ranging  from  normal  (regions  adjacent  to  the  tumors)  to 
invasive  carcinomas.  Representative  examples  of  the  staining  are  shown  in  Fig.  1. 

In  the  case  of  normal  tissue,  the  vast  majority  was  negative  for  ECM1  staining  (Fig.  1  A,  normal 
colon  mucosa.  Fig.  1  D,  normal  gastric  mucosa  and  Fig.  1  G,  lobular  mild  hyperplasia  of  the  breast).  Of 
the  14  normal  tissues  examined,  13  demonstrated  little  or  no  staining  for  ECM1.  The  only  positive  case 
was  that  of  normal  brain  tissue  adjacent  to  a  tumor.  Thus,  it  appears  that  the  positive  frequency  for  ECM1 
expression  in  normal  tissue  is  relatively  low  (7.1%,  Table  1). 

In  case  of  benign  lesions,  the  frequency  of  positive  staining  was  also  low,  but  greater  than  that  of 
normal  tissue.  As  illustrated  in  Tables  1  and  2, 11.7  %  (6/51)  of  the  benign  tissues  were  considered  to  be 
ECM1  positive.  This  includes  1  out  of  1 1  cases  of  breast  ductal  and  lobular  hyperplasia;  1  out  of  1 1  cases 
of  breast  fibroadenomas;  1  out  of  1  case  of  esophagus  squamous  proliferation;  1  out  of  2  cases  of  colon 
adenoma;  1  out  of  3  cases  of  prostate  hyperplasia;  and  1  out  of  10  cases  of  astrocytoma  (Table  2).  No 
ECM1  staining  was  observed  in  benign  lesions  of  other  tissues,  such  ds  meningioma,  hemangioblastoma, 
uterus  leiomyoma  and  mediastinum  neurofibroma  (Table  2).  Statistically,  there  was  no  difference 
between  normal  tissues  and  benign  lesions  with  regard  to  the  frequency  of  ECM1  staining  (P>0.05). 

In  the  case  of  malignant  lesions,  72.6%  (106/146  cases)  were  ECM1  positive,  including  105  out  of 
140  cases  of  carcinoma  (75.0%)  and  1  out  of  6  cases  of  sarcoma  (16.6%,  Table  1).  There  was  a 
significant  difference  in  the  ECM1  positive  staining  frequency  between  the  benign  lesions  and  malignant 
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lesions  (PO.OOl),  as  well  as  between  carcinomas  and  sarcomas  (PO.OOl).  However,  there  was  no 
correlation  between  the  ECM1  positive  frequency  and  the  histological  type  or  degree  of  differentiation  of 
the  cancer  tissues  studied. 

As  shown  in  Table  2,  within  individual  tumors,  ECM1  positive  staining  was  heterogeneous.  We 
found  that  a  large  proportion  of  positive  slides  were  evaluated  as  +  in  which  10-30%  of  the  cells  stained, 
followed  by  ++  (30-60%)  and  finally  +++  (60-100%),  indicating  that  even  within  the  same  section,  the 
expression  level  of  ECM1  differs  considerably,  with  some  cells  expressing  a  significant  level,  of  ECM1 
while  others  expressing  none.  The  clinical  significance  of  this  heterogeneity  with  regard  to  ECM1 
expression  remains  to  be  evaluated. 

3.2.  Differences  in  ECM1  expression  between  metastatic  and  non-metastatic  tumors 

To  determine  if  tumor  cells  that  express  ECM1  were  preferentially  able  to  give  rise  to  metastases, 
we  stained  a  panel  of  paired  cancer  sections,  consisting  of  the  primary  tumors  from  individuals  with  or 
without  lymph  node  metastases,  collected  from  patients  with  breast  cancer  (13  cases)  or  lung  cancer  (20 
cases).  As  shown  in  Table  3,  33.3%  (3/9)  of  breast  cancers  without  lymph  node  metastases  were  positive 
for  ECM1,  while  76.9%  of  those  with  lymph  nodes  metastasis  were  positive  (10/13).  In  addition,  84.6% 
of  the  lymph  node  metastatic  breast  cancers  were  ECM1  positive  (11/13).  In  one  case,  We  found  that 
while  ECM1  was  not  expressed  in  the  primary  tumor,  it  was  strongly  expressed  in  its  lymph  node 
metastases  (Fig.  2  A  and  B).  A  similar  tendency  was  observed  in  lung  cancer.  Lung  tumors  without 
metastasis  had  a  low  frequency  (20.0%)  of  ECM1  staining,  while  primary  lung  tumors  with  lymph  node 
metastasis  had  a  relatively  high  frequency  (55.0%)  (11/20).  Statistical  analysis  showed  there  were 
significant  differences  between  the  two  groups  of  cancer  with  and  without  lymph  node  metastasis 
(P<0.05),  suggesting  that  the  tumor  cells  that  express  ECM1  may  have  a  greater  potential  to  metastasize 
than  those  that  do  not  express  this  protein. 
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3.3.  Correlation  ofECMl  expression  with  CD34  and  PCNA 

In  previous  studies,  we  had  found  that  ECM1  could  stimulate  the  proliferation  of  some  cultured  cells  and 
could  promote  angiogenesis  on  the  CAM  of  chicken  embryos  [6],  To  determine  if  similar  effects  could  be 
observed  with  tissue  specimens,  we  examined  the  correlation  between  these  factors  in  25  tumor  samples 
(10  breast  invasive  ductal  carcinomas,  8  gastric  adenocarcinomas,  6  colon  carcinomas  and  1  case  of 
esophageal  carcinoma).  For  this  study,  the  sections  were  stained  for  both  ECM1  and  CD34  (a  marker  for 
endothelial  cells)  or  PCNA  (a  marker  for  cell  proliferation).  As  shown  in  Figure  3,  there  was  no 
difference  in  the  vascularization  (as  measured  by  blood  vessel  length  index)  between  regions  of  the 
tumors  that  were  ECM1  positive  versus  those  that  were  negative  in  the  same  sections.  Similarly,  there 
was  no  obvious  difference  between  ECM1  positive  and  negative  tumors  from  different  patients  with 
regard  to  vascularization. 

However,  there  did  appear  to  be  a  positive  correlation  between  ECM1  expression  and  cell 
proliferation.  As  shown  in  Fig.  3  G,  the  double  staining  revealed  that  PCNA  positive  frequency  was  72% 
in  ECM1  positive  cases,  while  only  47%  in  ECM1  negative  cases.  The  differences  between  these  two 
groups  were  significant  (P<0.05),  indicating  that  ECM1  was  indeed  correlated  with  cell  proliferation  in 
vivo. 

3.4.  Western  blotting  for  ECM1  in  human  breast  cancer  tissues 

As  described  in  the  introduction,  ECM1  comes  in  both  a  full  length  form  (ECMla,  68  kDa)  and  a 
truncated  form  (ECMlb,  46  kDa)  and  cannot  be  distinguished  by  the  polyclonal  antibody  that  we  use.  To 
determine  which  of  these  forms  is  present  in  the  tumors,  we  analyzed  both  normal  and  invasive  ductal 
carcinoma  by  Western  blotting.  Figure  4  shows  that  human  breast  carcinomas  expressed  the  full  length 
form  of  ECMla  and  this  was  much  higher  than  that  in  normal  breast  tissues.  These  results  also  suggest 
that  Western  blotting  is  more  sensitive  than  immuno-histochemical  staining,  with  regard  to  sensitivity  for 
detecting  ECM1. 
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4.  Discussion 


The  major  conclusion  of  this  study  is  that  ECM1  is  upregulated  in  a  distinct  subset  of  tumors.  As 
shown  in  Table  2,  ECM1  staining  was  positive  in  83%  of  invasive  ductal  carcinomas  of  the  breast,  73% 
of  squamous  cell  carcinomas  of  the  esophagus,  88%  of  adenocarcinomas  of  the  stomach,  78%  of 
adenocarcinomas  of  the  colon  and  75%  of  lung  carcinomas.  Overall,  the  average  positive  frequency  in 
carcinomas  was  75.0%,  which  was  much  higher  than  that  of  sarcomas  (16.6%),  epithelial  hyperplasia 
(11.7%)  and  normal  tissues  (7.1%).  These  results  suggest  that  although  ECM1  may  not  be  a  tumor 
specific  protein,  its  expression  levels  are  significantly  elevated  in  malignant  epithelial  tumors.  The 
difference  in  the  expression  levels  of  ECM1  between  normal  tissues  (benign  lesions)  and  carcinomas  is 
readily  detected  by  immunohistochemical  staining,  which  can  be  used  as  a  marker  for  cancer  tissue. 
Further  studies  are  required  to  evaluate  the  diagnostic  value  of  ECM1  staining  in  a  clinical  setting. 

The  most  interesting  finding  of  this  study  is  that  ECM1  is  preferentially  expressed  by  tumors  that 
give  rise  to  metastases.  This  was  indicated  by  the  fact  that  the  frequency  of  positive  staining  was  higher 
in  tumors  with  such  metastases  as  compared  to  tumors  that  had  not  spread  from  the  primary  site  (Table  3). 
Furthermore,  analysis  of  the  metastases  themselves  revealed  a  high  frequency  of  ECM1  staining.  It 
should  be  noted  that  in  the  primary  tumors  tested,  the  expression  of  ECM1  was  very  heterogeneous.  Even 
within  the  same  section,  some  areas  stained  strongly  for  ECM1,  while  other  areas  showed  weak  or  no 
staining.  A  large  portion  of  tumors  were  classified  as  “+”  in  which  10-30%  of  the  tumor  cells 
demonstrating  positive  staining.  The  cells  that  express  ECM1  may  represent  a  more  aggressive  and 
malignant  phenotype  in  comparison  to  those  that  do  not  express  this  molecule. 

At  this  point,  we  do  not  know  the  exact  role  of  ECM1  in  tumor  development  and  progression.  In  a 
previous  study  [6],  we  found  that  the  addition  of  purified,  recombinant  ECM1  could  stimulate  the 
proliferation  of  endothelial  cells  in  vitro  and  promoted  the  formation  of  new  blood  vessels  in  the 
chorioallantoic  membrane  of  chicken  embryos.  However,  in  this  study,  the  results  of  double-staining  for 
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ECM1  and  CD34  did  not  indicate  that  there  was  a  correlation  between  the  levels  of  ECM1  and  the  degree 
of  angiogenesis.  In  many  of  the  sections,  we  noted  that  although  tumor  cells  expressed  high  levels  of 
ECM1,  it  tended  to  be  restricted  to  the  cytoplasm  of  tumor  cells  or  to  peri-cellular  regions.  It  is  uncertain 
whether  the  EGM1  produced  by  tumor  cells  is  able  to  diffuse  to  areas  of  pre-existing  blood  vessels  in 
sufficient  concentrations  to  stimulate  angiogenesis.  It  is  also  possible  that  ECM1  alone  is  not  sufficient  to 
alter  angiogenesis,  which  may  require  multiple  angiogenic  factors. 

The  expression  of  ECM1  was  correlated  with  rapid  cell  division,  as  suggested  by  the  double 
staining  of  ECM1  and  PCNA,  an  index  for  cell  proliferation.  There  was  a  higher  frequency  of  PCNA 
staining  in  regions  of  the  tumor  that  were  positive  for  ECM1  staining  than  in  areas  than  were  negative. 
Thus,  rapidly  proliferating  cells  express  greater  amounts  of  the  ECM1.  While  we  only  demonstrated  that 
a  correlation  exists,  it  is  possible  that  ECM1  may  contribute  to  this  increased  proliferation  through  an 
autocrine  mechanism. 

Another  finding  of  this  study  was  that  there  was  a  high  frequency  of  ECM1  staining  in  squamous 
cell  cancers  (73%)  as  well  as  in  normal  proliferating  squamous  epithelium.  Indeed,  the  normal  squamous 
esophageal  epithelium  adjacent  to  tumors  stained  strongly  for  ECM1.  This  may  be  related  to  the  fact  that 
ECM1  is  involved  in  the  differentiation  of  epithelial  cells,  as  suggested  by  the  fact  that  ECM1  is 
expressed  in  adult  human  skin  and  the  gene  for  ECM1  is  located  close  to  the  epidermal  differentiation 
complex  [4].  Furthermore,  loss-of-function  mutations  of  ECM1  leads  to  lipoid  proteinosis  (Urbach- 
Wiethe  disease)  typified  by  generalized  thickening  of  skin,  mucosae  and  certain  viscera  [8-14],  suggesting 
that  ECM1  plays  a  role  in  maintaining  the  normal  structure  of  extracellular  matrix  in  the  skin  [4]. 
However,  we  found  that  ECM1  was  not  detected  in  most  normal  non-squamous  epithelium,  such  as  ductal 
or  lobular  epithelium  of  the  breast  and  adenoepithelium  of  the  stomach,  colon  and  lung.  It  appears  that 
when  these  cells  transform  into  malignant  tumor  cells,  the  expression  of  ECM1  is  up-regulated.  Thus, 
ECM1  may  be  of  diagnostic  or  prognostic  value  in  adenocarcinomas,  but  not  in  squamous  cell 
carcinomas. 
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In  conclusion,  the  results  of  this  study  indicate  that  ECM1  is  over-expressed  in  some  carcinomas, 
particularly  those  that  were  metastatic.  If  ECM1  expressing  cells  in  primary  tumors  preferentially 
undergo  metastasis,  then  this  may  be  a  useful  index  to  evaluate  clinical  prognosis. 
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FIGURE  LEGENDS 

Fig.  1.  Immunohistochemical  staining  of  ECM1  in  various  normal  and  tumor  tissues.  Paraffin 
sections  were  stained  for  ECM1  with  affinity  purified  rabbit  antibodies  (1:400)  followed  by  peroxidase 
labeled  secondary  antibodies  and  finally  a  peroxidase  substrate  (AEC)  that  gives  a  red  precipitate  and 

counter-stained  with  hematoxylin.  The  representative  pictures  were  taken  (A,  B,  C,  D,  E,  G,  H,  K  L,  M) 

\ 

at  75  x  or  (F,  I,  J)  at  150  x  magnification.  A)  Normal  colon  mucosa  with  little  or  no  staining  of  ECM1;  B) 
Colon  tubular  adenocarcinoma  showing  ++  ECM1  staining;  C)  Large  bowel  adenoma,  +  ECM1  staining; 
D)  Gastric  mucosa,  negative  for  ECM1;  E)  Gastric  tubular  cancer,  ++  ECM1  staining;  F)  Poorly 
differentiated  adenocarcinoma,  +++  ECM1  staining;  G)  Mild  lobular  hyperplasia  of  the  breast  showing 
little  or  no  expression  of  ECM1;  H  and  I)  Invasive  ductal  carcinomas  of  the  breast  with  ++  to  +++  ECM1 
staining;  J)  Prostate  adenocarcinoma  with  +  ECM1  staining;  K)  Lung  squamous  cell  carcinoma  with  + 
ECM1  staining;  L)  Lung  adenocarcinoma  with  +  ECM1  staining;  and  M)  Squamous  cell  cancer  of  the 
esophagus  with  ++  ECM1  staining. 

Fig.  2.  ECM1  in  paired  samples  of  primary  and  metastatic  tumors.  Paired  sections  of  primary  and 
secondary  tumors  collected  from  same  patient  with  either  breast  or  lung  cancer  and  stained  for  ECM1. 
The  representative  pictures  were  taken  at  75  x  magnification.  A  and  B)  A  primary  breast  cancer  shows 
little  or  no  ECM1  staining  while  a  metastasis  in  the  lymph  node  from  same  patient  demonstrates  ECM1 
++  staining.  C  and  D)  A  primary  lung  cancer  shows  ECM1  ++  staining  while  it  metastasis  to  a  lymph 
node  shows  ECM1  ++  staining. 

Fig.  3.  Double  staining  of  ECM1  and  CD34  or  PCNA.  The  sections  were  incubated  at  4°C  overnight 
with  a  mixture  of  rabbit  antibodies  to  ECM1  and  mouse  monoclonal  antibody  to  PCNA  or  CD34.  After 
washing,  the  sections  were  incubated  with  peroxidase-labeled  anti-rabbit  IgG  and  alkaline  phosphatase- 
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labeled  anti-mouse  IgG  followed  by  AEC  as  a  peroxidase  substrate  (red  color  for  ECM1)  and  NBT/BCIP 
as  peroxidase  substrate  (blue  color  for  CD31  or  PGNA).  The  positive  staining  were  analyzed  using  an 
image  analysis  system.  The  results  were  expressed  as  vessel  length  index  or  PCNA  positive  frequency 
(see  material  and  method).  The  representative  pictures  were  taken  at  75  x  magnification.  A)  The  vessels 
(in  blue)  in  an  ECM1  positive  (in  red)  breast  cancer.  B)  The  vessels  (in  blue)  in  an  ECM1  negative  breast 
cancer  are  shown.  C)  The  vessels  (in  blue)  in  an  ECM1  positive  (in  red)  colon  adenocarcinoma  are 
shown.  D)  The  vessels  (in  blue)  in  an  ECM1  negative  colon  adenocarcinoma  are  demonstrated.  E) 
Comparison  of  the  vessel  length  index  (a  measure  of  vasularization  see  Materials  and  Methods)  in 
sections  with  ECM1  positive  and  negative  areas  (heterogeneous  staining)  and  sections  that  were 
completely  negative  ECM1  indicates  that  there  were  no  differences  between  the  three  groups  (P>0.05). 
F)  Double-staining  of  a  breast  cancer  for  ECM1  (in  red)  and  PCNA  (in  blue)  is  shown.  G)  Comparison 
of  PCNA  positive  frequency  between  ECM1  -positive  and  ECM1 -negative  tumors  indicates  that 
proliferation  was  higher  in  ECM1  positive  cells  than  in  ECM1  negative  cells  (P<0.05). 

Fig.  4.  Western  Blotting  for  ECM1.  Samples  of  breast  cancer  tissue  lysate  containing  30  pg  of  protein 
were  loaded  onto  10%  PAGE  gels,  electrophoresed  and  transferred  to  nitrocellulose  membranes.  The 
membranes  were  blocked  with  5%  fat  free  milk  and  then  incubated  with  rabbit  anti-ECMl  (1:2,000)  at 
4°C  overnight.  After  washing,  the  membrane  was  incubated  with  an  alkaline  phosphatase  labeled 
secondary  antibody  for  one  hour,  followed  by  a  chemo-luminicent  substrate  and  exposure  to  ECL 
Hyperfilm  MP.  A)  The  Western  blot  shows  that  a  band  at  68  kDa  corresponding  to  ECMla  is  present  in 
all  of  the  tissue  extracts,  but  is  expressed  to  a  greater  extent  in  the  breast  cancer  tissues  as  compared  to 
normal  tissue.  B)  Comparison  of  density  of  68  kDa  band  shows  a  significant  higher  level  of  ECM1  in 
breast  cancer  tissues  than  that  in  the  normal  breast  tissue  (P<0.05). 
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Table  1.  Expression  of  ECM1  in  Different  Histological  Lesions 


Histological  type 

Number  of 

Cases 

Positive 

Cases 

Negative 

Cases 

Positive 

Rate  (%) 

Malignant  tumor 

146 

106 

40 

72.6 

Carcinoma 

140 

105 

35 

75.0 

Sarcoma 

6 

1 

5 

16.6 

Benign  lesions 

51 

6 

45 

11.7 

Epithelium 

31 

5 

26 

16.1 

Non-epithelium 

20 

1 

19 

5 

Normal  tissues 

14 

1 

13 

7 

Total 


211 


113 


98 


53.6 


Table  2.  Immunohistochemic  Staining  of  ECM1  in  Various  Tumors  and  Tissues 


Histological  type 

Number 

of  cases 

Positive  staining 

+++  ++  + 

Negative 

Cases 

Positive 

Cases 

Positive 

Rate  (%) 

Breast 

Normal  breast  lobular 

4 

4 

0/4 

0 

Fibroadenoma 

11 

1 

10 

1/11 

9 

Ductal  and  lobular  hyperplasia 

11 

1 

10 

1/11 

9 

Invasive  ductal  carcinoma 

37 

3 

4 

24 

6 

31/37 

83 

Esophagus 

Squamous  cell  cancer 

26 

3 

16 

7 

19/26 

73 

squamous  hyperplasia 

4 

1 

3 

1/4 

25 

Gastric  cancer  (total) 

26 

3 

16 

3 

23/26 

88 

Papillary 

1 

1 

0/1 

Tubular 

11 

4 

7 

11/11 

Poorly 

12 

3 

8 

1 

11/12 

Mucinous 

2 

1 

1 

1/2 

Non-cancerous  gastric  mucosa 

4 

4 

0/4 

Large  bowel  cancer  (total) 

32 

1 

7 

17 

7 

25/32 

78 

Well  differentiation 

15 

4 

9 

2 

13/15 

Moderately  differentiation 

8 

1 

1 

5 

1 

7/8 

Poorly  differentiation 

5 

2 

2 

1 

4/5 

Mucinous 

4 

1 

3 

1/4 

Large  bowel  adenoma 

2 

1 

1 

1/2 

50 

Non-cancerous  intestinal  mucosa 

5 

5 

0/5 

0 

Gastrointestinal  leiomyosarcoma 

2 

2 

0/2 

0 

Retroperitoneum  liposarcoma 

1 

1 

0/1 

0 

Pancreas  ductal  carcinoma 

2 

1 

1 

2/2 

100 

Liver  cell  carcinoma 

6 

1 

5 

1/6 

16.7 

Liver  bile  duct  carcinoma 

1 

1 

1/1 

100 

Lung  cancer  (total) 

4 

3 

1 

3/4 

75 

Adenocarcinoma 

3 

2 

1 

2/3 

Squamous  cell  cancer 

1 

1 

1/1 

Renal  clear  cell  carcinoma 

3 

3 

0/3 

0 

Prostate  hyperplasia 

3 

1 

2 

1/3 

33 

Prostate  adenocarcinoma 

3 

3 

3/3 

100 

Brain  tumor  (total) 

18 

2 

16 

2/18 

11 

Astrocytoma 

10 

1 

9 

1/10 

Glioblastom 

2 

1 

1/2 

Meningioma 

3 

3 

0/3 

Hemangioblastoma 

1 

1 

0/1 

Non-tumorous  brain  tissue 

1 

1 

1/1 

Mediastinum  neurofibroma 

3 

3 

0/3 

0 

Uterus  leiomyoma 

2 

2 

0/2 

0 

Total 

211 

4 

22 

90 

95 

Table  3.  Differences  between  cancers  with  and  without  lymph  node  metastasis  with  regard  to 


ECM1  expression 


Histopathology 

Type 

Total 

Case 

Positive 

Cases 

Positive  Staining  Negative 

+  ++  Cases 

Positive 

(%) 

P  Value* 

Breast  cancer 

+  Lymph  node  metastasis 

13 

10 

2 

8 

3 

76.9 

<0.01 

-  Lymph  node  metastasis 

9 

3 

1 

2 

6 

33.3 

- 

Lymph  node  metastasis 

13 

11 

7 

4 

2 

84.6 

<0.01 

Lung  cancer 

+  Lymph  node  metastasis 

20 

11 

7 

4 

9 

55.0 

<0.01 

-  Lymph  node  metastasis 

10 

2 

1 

1 

8 

20.0 

- 

Lymph  node  metastasis 

20 

7 

3 

4 

13 

35.0 

<0.05 

Total  Cases 

85 

44 

31 

13 

41 

51.8 

*:  X2  test  was  conducted  to  compare  the  expression  rate  of  ECM1  between  cancers  with  and  without 


lymph  node  metastasis. 


wmmm 


Figure  2,  Wang,  et  al 


Vessel  Length  Index 


Protein  loading  control 
(Ponceau  S  staining) 


Figure  4,  Wang,  et  al 
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Abstract 

Triptolide  (TPL),  a  diterpenoid  triepoxide  purified  from 
the  Chinese  herb  Tripterygium  wilfordii  Hook  F,  was 
tested  for  its  antitumor  properties  in  several  model 
systems.  In  vitro,  TPL  inhibited  the  proliferation  and 
colony  formation  of  tumor  cells  at  extremely  low 
concentrations  (2-10  ng/ml)  and  was  more  potent  than 
Taxol.  Likewise,  in  vivo,  treatment  of  mice  with  TPL  for 
2-3  weeks  inhibited  the  growth  of  xenografts  formed 
by  four  different  tumor  cell  lines  (B16  melanoma,  MDA- 
435  breast  cancer,  TSU  bladder  cancer,  and  MGC80-3 
gastric  carcinoma),  indicating  that  TPL  has  a  broad 
spectrum  of  activity  against  tumors  that  contain  both 
wild-type  and  mutant  forms  of  p53.  In  addition,  TPL 
inhibited  experimental  metastasis  of  B16F10  cells  to 
the  lungs  and  spleens  of  mice.  The  antitumor  effect 
of  TPL  was  comparable  or  superior  with  that  of 
conventional  antitumor  drugs,  such  as  Adriamycin, 
mitomycin,  and  cisplatin.  Importantly,  tumor  cells 
that  were  resistant  to  Taxol  attributable  to  the 
overexpression  of  the  multidrug  resistant  gene  1  were 
still  sensitive  to  the  effects  of  TPL.  Studies  on  cultured 
tumor  cells  revealed  that  TPL  induced  apoptosis  and 
reduced  the  expression  of  several  molecules  that 
regulate  the  cell  cycle.  Taken  together,  these  results 
suggest  that  TPL  has  several  attractive  features  as  a 
new  antitumor  agent. 
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Introduction 

TPL3  is  a  diterpenoid  triepoxide  (Mr  360)  derived  from  the 
herb  Tripterygium  wilfordii  that  has  been  used  as  a  natural 
medicine  in  China  for  hundreds  of  years  (1).  TPL  exerts  both 
anti-inflammatory  and  antifertility  activities  through  its  ability 
to  inhibit  the  proliferation  of  both  activated  monocytes  and 
spermatocytes  (2-8). 

Several  reports  have  indicated  that  TPL  also  inhibits  the 
proliferation  of  cancer  cells  in  vitro  and  reduces  the  growth  of 
some  tumors  in  vivo  (9-12),  e.g.,  Shamon  et  al.  (10)  have 
found  that  TPL  can  block  the  growth  of  human  mammary 
tumor  cells  in  nude  mice,  and  similarly,  Tengchaisri  etal.  (11) 
have  reported  that  it  will  inhibit  the  growth  of  cholangiocar- 
cinoma  cells  in  hamsters.  In  addition,  clinical  trials  in  China 
have  demonstrated  that  TPL  could  achieve  a  total  remission 
rate  of  71%  in  mononuclocytic  leukemia  and  87%  in  gran¬ 
ulocytic  leukemia,  which  was  more  effective  than  any  other 
chemotherapeutic  agent  currently  available  (13).  Studies  on 
cells  grown  in  tissue  culture  suggest  that  TPL  may  be  induc¬ 
ing  apoptosis  by  altering  pathways  involving  the  proteins  p21 
and  p53  (9, 12).  However,  at  this  point,  the  exact  mechanism 
by  which  TPL  is  able  to  inhibit  tumor  cell  growth  remains 
unknown.  In  addition,  TPL  has  not  been  characterized  with 
regard  to  its  effects  on  different  types  of  solid  tumors. 

In  this  study,  we  have  examined  a  highly  purified  prepa¬ 
ration  of  TPL  with  regard  to  its  activity  against  a  variety  of 
solid  tumors  and  made  the  following  observations:  (a)  we 
found  that  the  antitumor  effects  of  TPL  were  very  broad, 
because  it  was  able  to  block  the  growth  of  four  tumor  cells 
with  distinct  origins  and  of  different  p53  status  (B16  mouse 
melanoma,  MDA-435  human  breast  cancer,  TSU  bladder 
cancers,  and  MGC80-3  gastric  cancer);  (b)  we  found  that  the 
antitumor  effects  of  TPL  were  comparable  with  other  con¬ 
ventional  chemotherapeutic  drugs,  such  as  Adriamycin,  mi¬ 
tomycin,  and  cisplatin;  (c)  we  found  that  TPL  was  effective 
against  tumor  cells  that  overexpress  the  MDR1  and  are  re¬ 
sistant  to  the  effects  of  other  chemotherapeutic  compounds, 
such  as  Taxol;  and  (c/)  we  have  found  that  TPL  influences  the 
expression  of  key  molecules  that  regulate  apoptosis  and  cell 
cycle  progression. 

Materials  and  Methods 

Cell  Lines.  B16F10  mouse  melanoma  cells,  MDA-435  hu¬ 
man  breast  carcinoma,  and  TSU  human  bladder  cancer  cells 
were  obtained  from  the  Tumor  Bank  of  the  Lombardi  Cancer 
Center  at  Georgetown  University  (Washington,  DC). 
MGC80-3  human  gastric  carcinoma  cells  were  obtained  from 


3  The  abbreviations  used  are:  TPL,  triptolide;  MDR1,  multidrug  resistance 
1;  MTT,  3-{4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide; 
PAR P,  poly(ADP-ribose)  polymerase;  HPLC,  high-pressure  liquid  chroma¬ 
tography. 
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Fig.  1.  The  purity  of  TPL  as  assessed  by  HPLC.  The  preparation  of  TPL 
was  applied  to  a  Hypersil  Cl  8  column  (reverse  phase)  and  eluted  with 
solution  of  acetonitrile  and  water.  The  single  peak  indicated  that  the 
preparation  was  >99%  pure.  The  structure  of  TPL  is  also  shown. 


the  Cancer  Research  Center  of  the  Life  Science  School  at 
Xiamen  University  (People’s  Republic  of  China).  The  tumor 
cells  were  cultured  in  10%  calf  serum  and  90%  DMEM. 

Source  of  TPL.  The  TPL  used  in  these  experiments  was 
obtained  from  Fujian  Institute  of  Medical  Science.  The  puri¬ 
fication  was  carried  out  using  a  modification  of  the  procedure 
described  by  Kupchan  eta/.  (1).  Briefly,  the  ground  roots  of 
Tripterygium  wiffordii  Hook  F  were  extracted  with  ethanol, 
evaporated,  and  partitioned  with  diethyl  ether/ethyl  acetate/ 
water.  The  ester  layer  was  subjected  to  column  chromatog¬ 
raphy  on  silica  gel  and  eluted  with  methanol-chloroform.  The 
eluted  fractions  were  evaporated,  and  the  residue  was  re¬ 
chromatographed  on  silica  gel  and  eluted  with  diethyl  ether. 
TPL  was  obtained  from  the  later-eluting  fractions.  The  purity 
of  the  TPL  was  assessed  by  HPLC  on  a  Hypersil  Cl  8  column 
using  acetonitrile- water  (40:60,  volume  for  volume)  as  the 
mobile  phase  (14).  As  shown  in  Fig.  1,  the  TPL  eluted  as  a 
single  peak  and  on  this  basis  was  determined  to  be  >99% 
pure.  The  purified  TPL  was  dissolved  at  a  concentration  of  1 
mg/ml  in  a  mixture  of  60%  ethanol,  30%  DMSO,  and  10% 
phosphate  buffer  (pH  6.0)  as  recommended  by  Mao  et  al. 
(15). 

Cell  Proliferation  Assay.  Aliquots  of  complete  medium 
containing  1.5  x  104  cells  (MDA-435,  B16F10,  orTSU  cells) 
were  distributed  into  96-well  tissue  culture  plates.  On  the 
following  day,  the  media  were  replaced  with  190  /x I  of  fresh 
media  and  10  fx\  of  a  solution  containing  different  concen¬ 
trations  of  the  TPL  or  Taxol  at  1 00  ng/ml.  Three  days  later,  30 
jitl  of  0.3  |u,Ci  [3H]thymidine  in  serum-free  media  were  added 
to  each  well.  After  12  h,  the  cells  were  harvested  on  a  glass 
filter  with  a  96-wel!  auto-harvester,  and  the  amount  of  incor¬ 
porated  [3H]thymidine  was  determined  with  a  /3-counter. 

Colony  Formation  Assay.  The  viability  of  the  tumor  cells 
was  determined  by  staining  with  trypan  blue  followed  by 
visual  examination  on  a  hemocytometer.  B16F10  cells  were 
suspended  at  a  concentration  of  2  x  104  cells/ml  in  0.36% 
agarose  in  10%  calf  serum  and  DMEM  containing  TPL  (0,  2, 


or  1 0  ng/ml)  and  then  immediately  placed  on  top  of  a  layer  of 
0.6%  solid  agarose  in  1 0%  calf  serum  and  DMEM  medium  in 
six-well  plates.  Two  weeks  later,  the  number  of  colonies  >60 
fji m  in  diameter  was  determined  using  an  Omnicon  Image 
Analysis  System  (Imaging  Products,  Chantilly,  VA). 

Effect  of  TPL  on  the  Growth  of  Primary  Tumors  in  Mice. 
Four  tumor  cell  lines  were  used  to  establish  primary  tumor 
xenografts.  The  B16F10  cells  (5  x  105  cells/site,  10  mice/ 
group)  were  injected  s.c.  into  6-week-old  C57BLV6  mice  and 
allowed  to  grow  for  3  days.  For  studies  involving  human 
tumor  cells,  such  as  TSU,  MDA-435,  or  MGC80-3,  the  cells 
were  injected  s.c.  into  the  flanks  of  5- 6-week-old  BABL/c 
nude/nude  mice  (5  x  106  cells/site,  8  mice/group).  After 
growing  for  3  days,  the  tumor  xenografts  reached  a  size  of 
-100  mm3.  Thereafter,  TPL  (0.15  mg/kg/day)  was  injected 
i.p.  into  the  mice  on  a  daily  basis.  At  the  end  of  2  or  3  weeks, 
the  mice  were  sacrificed,  and  the  tumor  xenografts  were 
removed,  photographed,  and  weighed. 

Effect  of  TPL  on  Experimental  Metastases  in  Mice.  To 
examine  the  effects  of  TPL  on  experimental  metastasis, 
B16F10  cells  (5  x  104  cells  in  serum-free  DMEM)  were  in¬ 
jected  into  the  tail  veins  of  mice  (5-week-old  C57BL76,  10 
mice/group).  After  3  days,  TPL  (0.15  mg/kg/day)  was  admin¬ 
istered  daily  to  the  mice  by  i.p.  injections.  Two  weeks  later, 
the  mice  were  sacrificed,  and  the  lung  and  spleen  metasta¬ 
ses  were  photographed  and  counted  under  a  dissecting 
microscope  in  a  double  blind  setting. 

Comparison  of  TPL  with  Conventional  Chemothera¬ 
peutic  Drugs.  For  the  in  vitro  comparison  of  drug  potency, 
MGC80-3  cells  were  cultured  in  a  96-well  plate  and  then 
treated  with  the  following  agents:  (a)  vehicle  alone  (control); 
(6)  TPL  at  a  concentration  of  1 0  ng/ml  (28  hm);  (c)  Adriamycin 
at  360  ng/ml  (663  m)\  {d)  mitomycin  at  2700  ng/ml  (8.1  jll m); 
and  (e)  cisplatin  at  2490  ng/ml  (8.3  fiM ).  Two  days  later,  the 
viability  of  the  cells  was  determined  by  the  MTT  method 
according  to  the  manufacturer’s  instructions  (Sigma  Chem¬ 
ical  Co.,  St.  Louis,  MO).  For  the  in  vivo  comparison  of  drugs, 
mice  with  tumor  xenografts  (100  mm3  in  size)  were  divided 
into  five  groups  (5  mice/group)  and  treated  as  follows:  (a) 
vehicle  alone  (PBS);  (Jb)  TPL  at  0.25  mg/kg  daily;  (c)  Adria¬ 
mycin  at  1.2  mg/kg  weekly;  (d)  mitomycin  at  1.7  mg/kg 
weekly;  and  (e)  cisplatin  at  7  mg/kg  weekly.  The  doses  and 
injection  regimens  for  these  chemotherapeutic  reagents 
were  based  on  reports  published  previously  (16).  Three 
weeks  later,  the  mice  were  sacrificed,  and  the  tumors  were 
dissected  and  weighed.  The  data  were  expressed  as: 

Inhibition  %  =  [1  -  (mean  weight  of  tumor  tests/mean 
weights  of  tumor  controls)]  x  100%. 

Effect  of  TPL  on  Tumor  Cells  Overexpressing  MDR1.  A 
pair  of  MDA-435  cell  lines  that  had  been  transduced  with 
either  a  control  retrovirus  vector  or  one  containing  the  MDR1 
was  kindly  provided  by  Dr.  Clarke  of  the  Lombardi  Cancer 
Center  (17).  These  cells  were  tested  for  their  sensitivities  to 
TPL  in  both  in  vitro  proliferation  assays  and  colony  formation 
assays  and  in  vivo  tumor  growth  using  the  procedures  de¬ 
scribed  above. 

Detection  of  DNA  Fragmentation.  The  induction  of  ap¬ 
optosis  in  the  cultured  cells  was  determined  by  analysis  of 
DNA  fragmentation.  For  this,  2  x  105  TSU  cells  were  grown 
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to  80%  confluence  on  tissue  culture  plates  and  then  incu¬ 
bated  in  the  presence  and  absence  of  10  ng/ml  TPL  for  3 
days.  The  DNA  was  extracted  and  subjected  to  gel  electro¬ 
phoresis  according  to  the  methods  of  Sellins  and  Cohen  (1 8). 
The  resulting  gel  was  stained  with  ethidium  bromide  and 
photographed  under  a  UV  lamp. 

Western  Blotting.  Cultures  of  MDA-435  cells  at  80% 
confluence  in  100-mm  dishes  were  treated  with  TPL  (2  or  10 
ng/ml)  for  different  lengths  of  times  and  then  harvested  with 
1  ml  of  lysis  buffer  (1  %  Triton  X-100,  0.5%  Na  deoxycholate, 
0.5  /ng/ml  leupetin,  1  mM  EDTA,  1  /wg/ml  pepstatin,  and  0.5 
mM  phenylmethylsulfonyl  fluoride).  The  protein  concentration 
of  the  lysate  was  determined  by  the  bicinchoninic  acid 
method  (Pierce,  Rockford,  IL),  and  30  pig  of  protein  were 
loaded  onto  a  10%  SDS-PAGE,  electrophoresed,  and  trans¬ 
ferred  to  a  nitrocellulose  membrane.  The  loading  and  trans¬ 
ferring  of  equal  amounts  of  protein  were  confirmed  by  stain¬ 
ing  the  membrane  with  a  solution  of  Ponceau  S  (Sigma).  The 
membranes  were  blocked  with  5%  fat-free  milk  in  PBS  (pH 
7.4)  for  30  min  and  then  incubated  overnight  with  0.2  pig/ml 
of  the  different  antibodies  (Oncogene,  Boston,  MA).  After 
washing,  the  membranes  were  incubated  with  alkaline  phos¬ 
phatase-labeled  secondary  antibodies  for  1  h,  followed  by  a 
chemo-luminicent  substrate,  and  exposed  to  enhanced  chemi¬ 
luminescence  Hyperfilm  MP  (Amersham,  Piscataway,  NJ). 

Statistical  Analysis.  The  mean  and  SE  were  calculated 
from  the  raw  data  and  then  subjected  to  Student’s  t  test.  A 
P  <  0.05  was  regarded  as  statistically  significant. 


Results 

Effect  of  TPL  on  the  Proliferation  of  Tumor  Cells  in  Vitro . 

The  TPL  was  extracted  from  the  roots  of  Tipterygium  wilfordii 
and  purified  by  chromatography  on  silica  gel.  Analysis  of  the 
preparation  by  reverse-phase  HPLC  revealed  a  single  peak 
(Fig.  1),  indicating  that  it  was  >99%  pure.  In  initial  experi¬ 
ments,  we  examined  the  effects  of  different  doses  of  TPL  on 
the  proliferation  of  tumor  cells  (MDA-435,  TSU,  or  B16)  in 
tissue  culture.  As  shown  in  Fig.  2 A,  after  2  days  of  treatment, 
the  proliferation  of  the  tumor  cells  was  significantly  inhibited 
by  TPL  in  a  dose-dependent  manner  as  indicated  by  [3H]thy- 
midine  incorporation.  This  was  also  reflected  in  the  fact  that 
the  treated  tumor  cells  had  an  unhealthy  appearance  in  that 
they  were  round,  condensed,  and  detached  as  compared 
with  the  controls  (data  not  shown).  Significantly,  the  inhibi¬ 
tory  effect  of  TPL  at  25  ng/ml  (70  nM)  was  stronger  than  that 
of  Taxol  at  100  ng/ml  (117  nM),  suggesting  that  TPL  is  very 
potent.  The  inhibition  rate  increased  in  a  time-dependent 
manner,  and  the  maximum  effect  was  observed  at  days  3-4 
after  treatment  with  2  ng/ml  TPL  (data  not  shown). 

TPL  also  influenced  colony  formation  of  several  types  of 
tumor  cells  in  soft  agar,  which  is  one  of  the  best  in  vitro 
indicators  of  malignant  behavior.  As  shown  in  Fig.  2 B,  treat¬ 
ment  of  B1 6F1 0  tumor  cells  with  TPL  (2  or  1 0  ng/ml)  resulted 
in  fewer  and  smaller  colonies  than  those  treated  with  vehicle 
control.  In  addition,  Taxol  at  a  concentration  of  100  ng/ml 
resulted  in  a  60%  inhibition  rate,  whereas  TPL  at  2  ng/ml  had 
an  80%  inhibition  rate,  again  indicating  that  TPL  is  very 
potent. 


A 


Fig.  2.  Effect  of  TPL  on  proliferation  and  colony  formation  of  tumor  cells. 
In  A,  MDA-435  tumor  cells  were  treated  with  vehicle  alone,  100  ng/ml 
Taxol,  or  TPL  at  the  indicated  concentrations  for  2  days,  and  then  pHjthy- 
midine  was  added  to  the  cultures  for  12  h.  The  cells  were  harvested,  and 
the  amount  of  incorporated  pHjthymidine  was  determined  with  a  /3-coun¬ 
ter.  The  proliferation  of  the  tumor  cells  was  inhibited  by  TPL  in  a  dose- 
dependent  manner  (P  <  0.01).  Similar  results  were  obtained  with  B16F10 
and  TSU  cells.  In  B,  B16F10  tumor  cells  were  suspended  in  0.36% 
agarose  containing  Taxol  or  TPL  at  the  indicated  concentrations.  Two 
weeks  later,  the  colonies  >60  /u,m  were  counted  with  Omnicon  Image 
Analysis  system.  The  colony  formation  was  inhibited  by  TPL  and  Taxol 
(P  <  0.01).  All  of  the  experiments  were  repeated  three  times.  Similar 
results  were  obtained  in  other  tumor  cell  lines,  such  as  4T1  and  TSU  cells. 


It  should  be  noted  that  several  components  with  similar 
structure  to  TPL  can  also  be  purified  from  Tripterygium  wil¬ 
fordii  Hook,  such  as  epitriptolide,  triptonide,  and  triptophe- 
nolide  (1 , 19-21).  When  we  compared  the  antitumor  potency 
of  these  compounds,  we  found  that  only  TPL  showed  sig¬ 
nificant  activity  and  that  the  other  three  components,  even  at 
a  1000-fold  higher  concentration  (10  fi g/ml),  could  not 
achieve  an  inhibition  as  effective  as  TPL  at  1 0  ng/ml  (data  not 
shown). 

Effect  of  TPL  on  Primary  Tumor  Xenografts.  Next,  we 
examined  the  effects  of  TPL  on  the  growth  of  primary  tumor 
xenografts  in  mice.  In  preliminary  studies,  we  found  that  the 
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Fig.  3.  Effect  of  TPL  on  the  growth  of  primary  tumors  in  mice.  Mice  were  injected  s.c.  with  the  following  tumor  cells:  (a)  B1 6F10  mouse  melanoma  {A  and 
B);  (b)  TSU  human  bladder  (C  and  D);  (c)  MDA-435  human  breast  (E  and  /=);  and  (d)  MGC80-3  human  gastric  carcinoma  {G  and  H).  Beginning  3  days  later, 
the  mice  were  divided  into  two  groups,  one  of  which  was  given  daily  i.p.  injections  of  TPL  {0.15  mg/kg/day),  whereas  the  other  was  given  vehicle  controls. 
At  the  end  of  2  or  3  weeks,  the  mice  were  sacrificed,  and  the  tumors  were  removed,  photographed,  and  weighed.  The  growth  of  all  four  types  of  tumors 
was  inhibited  by  TPL  (P  <  0.01). 


maximum  tolerated  dose  for  TPL  in  mice  was  0.25  mg/kg 
administered  daily.  On  this  basis,  we  chose  a  dose  that  was 
60%  of  this  maximum  tolerated  dose  or  0.15  mg/kg/day,  i.p. 
The  injections  were  given  daily  because  TPL  has  a  short 
half-life.  This  regimen  did  not  appear  to  adversely  affect  the 
mice,  because  there  were  no  obvious  signs  of  sickness  after 
2  weeks,  and  there  was  no  difference  in  the  body  weights 
between  groups  treated  with  and  TPL  and  the  controls  (data 
not  shown). 

When  the  TPL  (0.15  mg/kg/day,  i.p.)  was  administered  to 
mice  with  established  tumor  xenografts,  the  results  were 
dramatic.  Fig.  3  shows  that  TPL  had  a  significant  inhibitory 
effect  on  the  growth  of  all  four  tumor  cell  lines  (B16  by  50%, 
MDA-435  cells  by  80%,  TSU  by  65%,  and  MGC80-3  by 
90%).  These  results  suggest  that  TPL  is  active  against  a 
spectrum  of  different  tumor  types,  although  the  sensitivity 
varies  depending  on  the  particular  tumor. 

Effect  of  TPL  on  Experimental  Metastases.  In  the  next 
series  of  experiments,  we  tested  the  ability  of  TPL  to  inhibit 
experimental  lung  metastases.  For  this,  B16F10  cells  were 
injected  into  the  tail  veins  of  C57BL/6  mice,  which  were 
subsequently  treated  with  TPL  (0.15  mg/kg/day  for  14  days). 
The  mice  were  then  sacrificed,  and  the  organs  were  exam¬ 
ined  to  determine  the  number  of  tumor  nodules.  As  shown  in 
Fig.  4,  the  number  of  lung  metastases  was  dramatically 
reduced  in  the  group  treated  with  TPL  as  compared  with  the 
vehicle  control.  The  B16  cells  also  metastasized  to  the 


spleen  but  at  a  somewhat  lower  rate  than  to  the  lungs.  Here 
again,  the  treatment  with  TPL  decreased  the  level  of  obvious 
spleen  metastases  from  40%  in  the  control  group  as  op¬ 
posed  to  18%  in  the  TPL-treated  group  (data  not  shown). 

Comparison  of  TPL  with  Other  Chemotherapeutic 
Drugs.  Next,  we  compared  the  efficacy  of  TPL  with  that  of 
other  chemotherapeutic  drugs  that  are  in  wide  use.  Initially, 
we  compared  the  effects  of  these  drugs  on  the  growth  of 
MGC80-3  tumor  cells  in  tissue  culture  as  determined  by  the 
MTT  method.  After  2  days  of  treatment,  TPL  at  a  concentra¬ 
tion  of  10  ng/ml  (28  nivi)  could  achieve  an  inhibition  rate  of 
98%  (Fig.  5 A).  In  contrast,  much  higher  concentrations  of  the 
other  chemotherapeutic  agents  were  required  to  achieve  an 
80-90%  inhibition:  (a)  360  ng/ml  Adriamycin  (663  m)\  (b) 
2700  ng/ml  mitomycin  (8.1  ijlm);  and  (c)  2490  ng/ml  cisplatin 
(8.3  fiM). 

Similar  effects  were  obtained  with  xenografts  of  MGC80-3 
cells  growing  in  nude  mice.  When  such  mice  were  treated 
with  TPL  at  0.15  mg/kg  daily  (i.p.),  the  tumor  size  was  re¬ 
duced  by  90%,  whereas  those  that  were  treated  with  Adria¬ 
mycin  (1.2  mg/kg),  mitomycin  (1.7  mg/kg),  and  cisplatin  (7 
mg/kg)  weekly  showed  a  reduction  of  75-80%,  which  was 
less  than  the  TPL  group  (Fig.  5B).  These  results  demon¬ 
strated  that  the  antitumor  effect  of  TPL  was  comparable  with 
or  even  superior  to  the  three  conventional  chemotherapeutic 
drugs  tested. 
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Fig.  4.  Effect  of  TPL  on  experimental  metastasis.  B16F10  cells  were 
injected  into  the  tail  veins  of  mice,  and  beginning  3  days  later,  TPL  (0.15 
mg/kg/day)  and  control  vehicle  were  administered  daily  to  the  mice  by  i.p. 
injection.  Two  weeks  later,  the  mice  were  sacrificed,  and  the  lungs  were 
dissected  free.  In  A,  representative  lungs  show  that  B16F10  metastases 
were  reduced  in  mice  receiving  TPL  as  compared  with  vehicle  controls.  In 
B,  the  number  of  lung  metastases  was  counted  under  a  dissecting  mi¬ 
croscope  in  a  double  blind  setting  and  indicated  a  significant  difference 
between  the  TPL  and  control  mice  (P  <  0.01).  The  experiment  was 
repeated  three  times  with  similar  results. 
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Fig.  5.  Comparison  of  TPL  with  other  chemotherapeutic  drugs.  In  A,  to 
compare  the  drugs  in  vitro,  MGC80-3  cells  were  treated  with:  (a)  vehicle 
alone  (control);  (b)  TPL  (10  ng/ml,  28  nM);  (c)  Adriamycin  (360  ng/ml,  663 
nM);  (d)  mitomycin  (2700  ng/ml,  8.1  /am);  and  (e)  cisplatin  (2490  ng/ml,  8.3 
/am).  Two  days  later,  the  viability  of  the  cells  was  determined  by  the  MTT 
method.  In  B,  to  compare  the  drugs  in  vivo,  mice  with  tumors  100  mm3  in 
size  were  divided  into  five  groups  and  treated  as  follows:  (a)  vehicle  alone 
(PBS);  (Jb)  TPL  (0.25  mg/kg  daily);  (c)  Adriamycin  (1.2  mg/kg  weekly);  (d) 
mitomycin  (1 .7  mg/kg  weekly);  and  (e)  cisplatin  (7  mg/kg  weekly).  Three 
weeks  later,  the  mice  were  sacrificed,  and  the  tumors  were  dissected  and 
weighed.  The  data  are  expressed  as  inhibition  %  =  (1  -  mean  of  tumor 
weights  of  tests/mean  of  tumor  weights  of  controls)  x  100%. 


Effect  of  TPL  on  Cells  that  Overexpress  MDR1.  One  of 

the  major  problems  encountered  during  the  treatment 
of  tumors  with  chemotherapeutic  agents  is  the  emergence  of 
resistance  caused  by  the  expression  of  pumps  on  the 
plasma  membrane  of  the  tumor  cells  that  remove  drugs  from 
the  cytoplasm  (17).  In  this  experiment,  we  wanted  to  deter¬ 
mine  whether  the  effects  of  TPL  were  influenced  by  the 
expression  of  the  MDR1  protein.  To  test  this  possibility,  we 
examined  a  pair  of  MDA-435  cell  lines  that  had  been  trans¬ 
duced  with  either  a  control  retrovirus  vector  or  one  contain¬ 
ing  the  MDR1  gene.  As  shown  in  Fig.  6A,  although  the  control 
MDA-435  cells  responded  to  Taxol  at  10  ng/ml,  this  concen¬ 
tration  of  Taxol  did  not  significantly  affect  the  proliferation  of 
the  MDR1 -overexpressing  cells.  However,  these  drug-resis¬ 
tant  cells  did  show  a  significant  response  to  TPL  at  2  ng/ml. 
Similarly,  TPL  also  inhibited  the  ability  of  MDR1 -overex¬ 
pressing  cells  to  form  colonies  in  soft  agar  (data  not  shown) 
and  grow  as  tumor  xenografts  in  nude  mice  (Fig.  6B).  Thus, 
both  in  vitro  and  in  vivo  data  strongly  suggest  that  the  TPL 
can  circumvent  the  drug-resistant  effects  of  MDR1 . 


Effect  of  TPL  on  Apoptosis  and  Cell  Cycle  Proteins. 

Because  TPL  inhibits  the  proliferation  of  tumor  cells,  we 
examined  its  effects  on  the  induction  of  apoptosis.  As  shown 
in  Fig.  7 A,  treatment  of  MDA-435  cells  with  TPL  resulted  in 
DNA  fragmentation,  the  most  definitive  evidence  that  apop¬ 
tosis  is  taking  place.  Next,  we  tested  for  molecules  that 
control  apoptosis  and  the  cell  cycle.  The  results  of  Western 
blotting  revealed  that  TPL  activated  two  key  molecules  in  the 
apoptosis  pathway,  namely  caspase  3  and  PARP  (Fig.  7,  B 
and  C).  When  MDA-435  cells  were  treated  with  TPL,  there 
was  an  increase  in  the  cleaved  caspase  3  within  2  days  and 
a  shift  in  PARP  from  its  intact  molecule  to  a  subunit  (DNA 
catalytic  domain)  of  Mr  89,000,  which  peaked  on  day  4  of 
treatment.  The  level  of  the  Mr  89,000  PARP  was  greater  in  the 
TPL-treated  group  than  intheTaxol-treated  group,  indicating 
that  the  antitumor  action  of  TPL  was  different  from  the  anti¬ 
microtubule  Taxol.  Western  blotting  analysis  also  revealed 
that  the  treatment  with  TPL  for  3  days  caused  a  significant 
reduction  in  c-myc  and  two  pairs  of  cell  cycle-promoting 
protein  complexes,  cyclin  A/cdk2  and  cyclin  B/cdc2,  and 


TPL  Inhibits  Growth  and  Metastasis  of  Solid  Tumors 


'v  ►$> 

Triptolide 
^  added 
^  Taxol 


(ng/ml) 


(10  ng/ml) 


B 


Fig.  6.  Effect  of  TPL  on  cells  that  express  the  MDR1 .  A  pair  of  MDA-435 
cells  that  had  been  transfected  with  either  a  control  retrovirus  vector  or 
one  containing  the  MDR1  were  tested  for  their  sensitivities  to  TPL.  In  A, 
TPL  inhibited  the  proliferation  of  MDA-435  cells  that  express  the  MDR1 
gene  as  measured  by  pHjthymidine  incorporation.  However,  these  same 
cells  were  relatively  resistant  to  Taxol.  Similar  results  were  obtained  in  a 
colony  formation  assay.  In  B,  TPL  (0.15  mg/kg/day)  also  inhibited  the 
growth  of  MDR1  expressing  MDA-435  cells  in  nude  mice  (see  Fig.  3  for 
methods).  Similar  results  were  obtained  in  two  replications. 


cyclin  D1  as  well  as  the  phosphorylated  nonfunctional  pRb 
(Fig.  7D).  The  inhibition  of  the  cell  cycle  and  induction  of 
apoptosis  may  be  responsible  for  antitumor  effects  of  TPL. 


Discussion 

In  this  study,  we  have  found  that  TPL  has  a  number  of 
attractive  features  as  an  antitumor  agent.  First,  TPL  appears 
to  be  active  against  a  broad  spectrum  of  tumors.  In  the 
mouse  tumor  model  system,  we  found  that  the  administra¬ 
tion  of  TPL  resulted  in  a  50-90%  inhibition  of  primary  tumors 
derived  from  the  breast,  bladder,  stomach,  and  melanomas. 
In  addition,  other  studies  have  shown  that  purified  prepara¬ 
tions  of  TPL  were  effective  against  cholangiocarcinomas  in 
hamsters  (11)  and  human  breast  cancer  cells  growing  as 
xenografts  in  nude  mice  (10).  Furthermore,  TPL  also  blocked 
the  formation  of  metastases  in  experimental  mouse  models 
involving  the  injection  of  B1 6  melanoma  cells.  Thus,  TPL  can 
inhibit  the  growth  of  both  primary  and  secondary  tumors. 


A  second  feature  of  TPL  is  that  in  vivo ,  it  appears  to  inhibit 
the  growth  of  tumor  cells  regardless  of  their  p53  status.  We 
found  that  in  mice,  TPL  inhibits  the  growth  of  tumor  cells  that 
possess  both  wild-type  (B16)  and  mutated  forms  of  p53 
(MDA-435  and  TSU;  Refs.  22-24).  This  observation  was 
somewhat  surprising  in  view  of  several  previous  studies  in¬ 
dicating  that  a  functional  p53  was  required  for  the  inhibitory 
effects  of  TPL  on  the  growth  of  cultured  tumor  cells  (9,  12), 
e.g.,  the  suppression  of  p53  levels  with  antisense  oligo¬ 
nucleotides  has  been  reported  to  abrogate  the  induction  of 
apoptosis  by  TPL  in  vitro  (12).  At  present,  the  explanation  for 
these  conflicting  results  is  unclear.  Perhaps  the  in  vitro  re¬ 
sults  do  not  apply  to  the  in  vivo  situation,  which  is  far  more 
complex  and  involves  multiple  factors,  such  as  vasculariza¬ 
tion  and  the  immune  response.  Regardless  of  the  cause,  the 
fact  that  TPL  acts  independently  of  p53  in  vivo  is  advanta¬ 
geous,  because  a  high  proportion  of  tumors  has  p53  muta¬ 
tions  or  deletions  and  will  still  be  targeted  by  TPL. 

A  third  feature  of  TPL  is  that  its  antitumor  activity  is  not 
adversely  effected  by  the  expression  of  the  MDR1  protein, 
which  inhibits  the  effects  of  other  chemotherapeutic  drugs. 
MDR1  is  a  transmembrane  protein  that  is  able  to  pump 
hydrophobic  drugs  out  of  the  cytosol  using  an  ATP-depend- 
ent  mechanism.  When  we  tested  cells  that  had  been  induced 
to  express  high  levels  of  MDR1  by  an  expression  vector, 
these  cells  were  still  sensitive  to  the  killing  effects  of  TPL, 
although  they  were  relatively  resistant  to  the  effects  of  Taxol, 
another  commonly  used  chemotherapeutic  agent.  This  fea¬ 
ture  is  important  because  TPL  will  remain  effective  against 
tumors  that  have  developed  tolerance  against  other  agents. 
In  this  regard,  TPL  should  be  considered  for  use  against 
tumors  that  have  developed  tolerance  or  in  combination  with 
other  chemotherapeutic  drugs. 

A  fourth  attractive  feature  of  TPL  is  its  high  potency.  When 
tested  against  tumor  cells  growing  in  tissue  culture,  TPL  was 
much  more  effective  on  a  molar  basis  than  other  chemother¬ 
apeutic  agents,  such  as  Taxol,  Adriamycin,  mitomycin,  and 
cisplatin.  Similarly,  in  the  mouse  model  system,  TPL  was 
more  potent  than  Adriamycin,  mitomycin,  or  cisplatin  in  in¬ 
hibiting  the  growth  of  tumor  xenografts.  The  high  potency  of 
TPL  greatly  simplifies  the  administration  of  this  drug. 

However,  TPL  does  have  one  major  drawback  as  an  an¬ 
titumor  agent,  namely  its  toxicity.  Shamon  et  ai.  (10)  have 
reported  that  TPL  had  a  modest  antitumor  effect  on  breast 
cancer  cells  when  administered  i.p.  at  a  dose  of  25  fig/ 
mouse  three  times  per  week.  However,  when  the  dose  was 
increased  to  50  /xg/mouse,  it  was  lethal.  In  our  hand,  the 
therapeutic  window  (the  ratio  of  lethal  dose  to  effective  dose) 
for  TPL  was  about  4  (data  not  shown)  or  about  twice  as  high 
as  that  reported  by  Shamon  et  ai  This  difference  in  thera¬ 
peutic  window  between  our  results  and  that  of  Shamon  et  ai 
could  be  attributable  to  the  different  regimens  that  were  used 
for  the  administration  of  the  TPL.  We  injected  a  lower  dose  of 
TPL  on  a  daily  basis,  whereas  Shamon  et  ai  used  a  higher 
dose  three  times  per  week. 

Our  studies  have  also  suggested  that  TPL  affects  a  num¬ 
ber  of  pathways  within  the  cell  that  could  be  responsible  for 
its  antitumor  activity.  First,  TPL  can  induce  apoptosis  in 
cultured  cells  as  indicated  by  DNA  fragmentation,  and  in- 
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Fig .  7.  Effect  of  TPL  on  apoptosis  and  cell  regulatory  molecules.  Cultures  of  tumor  cells  at  80%  confluence  were  incubated  in  the  presence  or  absence 
of  TPL  (2  or  1 0  ng/ml)  for  different  lengths  of  times,  harvested,  lysed,  and  analyzed  for  molecules  related  to  apoptosis  and  cell  cycle.  In  A,  TSU  cells  treated 
with  10  ng/ml  TPL  for  3  days  show  laddering  of  the  DNA  indicative  of  apoptosis.  In  B  and  C,  Western  blotting  of  MDA-435  cells  with  antibodies  specific 
for  cleaved  caspase  3  and  to  PARP  show  that  these  proteins  were  up-regulated  by  treatment  with  TPL.  In  D,  Western  blotting  of  MDA-435  cells  shows  that 
TPL  treatments  caused  a  reduction  in  the  levels  of  phosphorylated  (nonfunctional)  pRb,  cyclin  A,  cyclin  B1,  cyclin  D1,  c -myc,  cdk2,  and  cdc2. 


creased  levels  of  caspase  3  and  the  cleaved  form  of  PARP, 
all  of  which  are  markers  of  apoptosis.  These  results  are 
consistent  with  other  studies  on  cultured  cells  (9, 1 1 ,  12).  At 
present,  this  appears  to  be  the  most  likely  mechanism  by 
which  TPL  is  able  to  block  tumor  growth.  Although  the  TPL 
is  probably  acting  directly  on  the  tumor  cells,  it  is  possible 
that  TPL  also  acts  on  the  endothelial  cells  that  are  respon¬ 
sible  for  tumor  vascularization  as  has  been  shown  to  be  the 
case  with  other  chemotherapeutic  agents.  Secondly,  TPL 
reduces  the  levels  of  cell  cycle-promoting  factors,  such  as 
cyclin  A/cdk2,  cyclin  B/cdc2,  cyclin  D1,  and  c -myc,  as  well 
as  the  phosphorylated  (nonfunctional)  form  of  pRb.  These 
results  are  in  keeping  with  those  of  Jiang  eta!.  (12)  who  have 
shown  that  TPL  arrests  cells  in  the  G0-G-,  phase  of  the  cycle. 
However,  it  is  difficult  to  ascertain  from  this  the  upstream 
target  of  TPL  because  the  reduction  in  these  cell  cycle  reg¬ 
ulators  could  result  in  cell  apoptosis,  and  conversely,  the 
apoptosis  could  reduce  the  synthesis  of  cell  cycle-promoting 
factors. 

Although  TPL  is  known  to  activate  a  number  of  pathways 
within  the  cell,  its  specific  upstream  target  remains  unclear, 
indeed,  it  is  possible  that  TPL  may  target  multiple  molecules 
critical  to  cell  survival.  These  molecules  may,  in  turn,  activate 
the  various  pathways  that  lead  to  suppression  of  the  cell 
cycle  and  induction  of  apoptosis  that  inhibits  the  growth  of 
primary  and  metastatic  tumors.  Clearly,  future  research 
should  be  directed  toward  the  identification  of  the  upstream 
molecules  that  are  directly  influenced  by  TPL. 

In  conclusion,  TPL  has  very  attractive  features  as  an  anti¬ 
tumor  agent  with  regard  to  its  broad  spectrum  of  activity  and 
potency.  Potentially,  TPL  could  be  developed  into  a  new 
antitumor  agent. 
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